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PREFACE 


Monthly magazines are not exactly convenient for 
reference—even in bound volumes—after they have 
accumulated for a few years. Needed articles get more 
and more elusive as time passes and titles arc forgotten. 
Often, the hunter gives up after going through indivi¬ 
dual issues one by one—a truly time-consuming process. 

In an earnest attempt to solve one aspect of this 
problem for the readers of one McGraw-Hill publication 
— Electronics —we brought out “Electronics for Engi¬ 
neers” several years ago. The response from all types of 
electronic engineers to this collection of electronic 
design articles confirmed the statement by Keith Henney 
in its preface that “one article alone, available when 
needed, can justify a place for this book on an engineer’s 
desk.” 

This second book has been prepared to solve the same 
problem for engineers in the radio broadcasting, com¬ 
munication, manufacturing and research fields. The 
289 articles that it brings together for quick reference 
are the all-time-great radio articles published in Elec¬ 
tronics during 1940 1948. The emphasis throughout is 
on the practical circuit information needed by prac¬ 
ticing engineers, the mathematical foundations needed 
by radio design engineers and researchers, and the 
measuring and operating techniques needed by radio 
operators, technicians and maintenance men for putting 
radio equipment into use and keeping it at peak effi¬ 
ciency. Here too are articles for radio production men, 
covering such vital cost-cutting topics as quality con¬ 
trol, inspection procedures and production-floor t»est 
equipment. 

The contents of this book are logically arranged in 
sixteen chapters according to the major interests of 
those in the radio field: Antennas; Audio; Circuit 


Theory; Components; D-C Amplifiers; Filters; Iono¬ 
sphere; Measurements; Microwaves; Power Supplies; 
Production; Receivers; Television; Transmission Lines; 
Transmitters; and Tubes. A desired article can be lo¬ 
cated quickly in any of four ways: (1) by flipping 
through the appropriate chapter; (2) by scanning the 
article titles listed for that chapter in the table of 
contents; (3) by using the subject index at the back of 
the book, which is so completely cross-indexed that 
success is generally achieved on the first try even when 
the article title is not known; (4) by using the author 
index at the back of the book, if the name of the author 
is remembered. 

With the significant work of other engineers in one 
handy reference volume, it becomes practical and eco¬ 
nomical to start a problem where others left off rather 
than from scratch. Hours and even days of searching 
through technical literature can be saved, and the need 
for duplicative laboratory research and experimentation 
can be reduced to a minimum. 

Since this volume encompasses the war years when 
research and practical development in the radio field 
were at an all-time high, engineers in other countries 
will find here the practical answer to missing copies 
resulting from war damage or limited wartime circula¬ 
tion of Electronics. 

The engineer authors whose works appear in this 
volume deserve congratulations for their permanent 
contributions to the art and industry of radio. 

ViN Zeluff and John Markus 
Associate Editors, Electronics 

New York, N.Y. 

April, 1949 
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Effect of Feed on Pattern of Viire Antennas 

Measured radiation patterns for straight wire antennas of various lengths from a half 
wavelength to three wavelengths and fed at various points are presented herewith. 
They show that feed point affects the number, orientation, and magnitude of the lobes 


R adiation patterns of wire 
antennas one-half wavelength 
or longer are dependent on the posi¬ 
tion of feed used to excite the an¬ 
tenna. There has been considerable 
confusion in published handbooks 
as to just how a certain length an¬ 
tenna is fed to get the desired pat¬ 
tern. This investigation was made 
to determine the effects of the posi¬ 
tion of feed upon the pattern of 
wire antennas. 

No attempt will be made to ex¬ 
plain the results except to state that 
the current distribution differs ap¬ 
preciably from a sinusoidal distri¬ 
bution for certain off-center feeds. 

Because the pattern of a single 
fed wire antenna is independent of 
the impedance match between it and 
the receiver or transmitter, it was 
not necessary to have a perfect im¬ 
pedance match between the antenna 


By D. C. CLECKNER 

and the detector. However, the re¬ 
ceiver had a coaxial feed and, there¬ 
fore, a balance to unbalance trans¬ 
former had to be used. In order to 
preserve the balance, it was neces¬ 


sary to have a partial impedance 
match. In the case of high imped¬ 
ance feeds (end feeds or feeds an 
even number of half wavelengths 
from the end) a quarter wave sec- 
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FIG. 9—Fi#ld stran^th patterns of a ono and ono-half wovetenatli antonna for four dSfforont food positions 



FIG. 4—^Radiation patterns of a two-worolongth ontorma showing offoct of moring food position from contor to ono ond 


The equipment used to measure 
these patterns consisted of an elec¬ 
tro-magnetic transmitting horn, a 
rotating table upon which a hollow 
vertical plywood shaft was fas¬ 
tened, the antenna to be measured 
being mounted on top of the shaft 
and supported by polystyrene rods 
when necessary. The antenna to 
be measured was then a receiving 
antenna. A Littelfuse bolometer 
was used as the detector. The pat¬ 
terns were continuously recorded by 
means of a selsyn system between 
the rotating table and shaft and 
the recording table. A concentric 
line lighthouse tube oscillator and 
a 10 cm two-cavity klystron were 
used as transmitting sources. 

MemerMMHrts 

The patterns of the half wave¬ 
length antenna shown in Figure 1 
were taken using first a balanced 



FIG. S—Radiation from long wSro ontonnat 


tion of parallel wire transmission 20 cm. This method of measuring 
line was inserted between the an- field strength patterns was used by 
tenna and the balancing unit. ‘ the Antenna Laboratory of the 
The field strength patterns that Ohio State University Research 
are shown in the accompanying fig- Foundation during World War II 

urea were measured by using scale for the determination of aircraft 

models of the antennas at 10 and antenna characteristics. 
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feed point was moved one-quarter 
wavelength off center and fed with 
a balanced current feed. The pat¬ 
tern (Fig. 2B) was nearly that 
which is usually published for a 
full wavelength antenna. However, 
the two lobes of energy on the same 
side of the wire are not equal in 
amplitude, but were present at 
about the published angle of 54 de¬ 
grees. The minimum differed in 
amplitude from those obtained 
when the same length was end fed. 
When the full wavelength wire was 
end fed with a voltage feed, the 



current feed at the center of the 
half wavelength and then a voltage 
feed at the end of the half wave¬ 
length wire. (Each diagram has 
an • illustration of its antenna, 
marked in half wavelengths.) It 
was apparent that the current dis¬ 
tribution on the half wavelength 
antenna is not sinusoidal when it 
was end fed. With end feeding 
the lobes are displaced 15 to 20 
degrees from their position when 
the half wavelength wire was cen¬ 
ter fed. 

Full-Weve Anftniio 

The full wavelength antenna was 
measured using a balanced voltage 
feed at the center of the antenna. 
The two half-wavelength portions 
of the antenna then have in-phase 
antenna currents flowing on them. 
The pattern obtained using this 
feed point is shown in Fig. 2A. The 


lobes on both sides of the wire 
closest to the fed end of the an¬ 
tenna were reduced in amplitude 
even more than when the feed point 
was a quarter wavelength from the 
end of the wire, as seen in Fig. 2C. 

Effect of Feed Feint 

A one and one-half wavelength 
wire was measured for center feed, 
Fig. 3A, one-quarter wavelength 
off center, Fig. 3B, one-half wave¬ 
length off center, Fig. 3C, and end 
fed. Fig. 3D. It is interesting to 
note the differences in amplitude 
of the broadside lobes and that the 
position of the large lobes off the 
free end of the end fed wire are 
slightly closer than the correspond¬ 
ing lobes for other feed points. 

A two wavelength wire was meas¬ 
ured using a balanced voltage feed 
at the center, (Fig. 4A), a current 
feed one-quarter wavelength off 


center (Fig. 4B), a voltage feed 
a half wavelength off center (Fig, 
4C), a current feed three-quarters^ 
wavelength off center (Fig. 4D), 
and end fed with a voltage type 
feed (Fig, 4E). Different distribu¬ 
tions must be present on the an¬ 
tenna for different feeds and the 
current distributions apparently 
are not sinusoidal even for the bal¬ 
anced center feed since the broad¬ 
side minima are not complete. The 
pattern with the feed one-quarter 
wavelength off center (Fig. 4B), 
indicates that current distributions 
on each half of the wire were not 
identical let alone sinusoidal. When 
the wire was fed one-half wave¬ 
length off center (Fig. 4C), the 
minima were not complete and of 
different values due to the unbal¬ 
anced current distribution along the 
antenna. 


OH-Center Feed 

When the wire was fed three- 
quarters wavelength off center 
(Fig. 4D), the current distribution 
was again different from that when 
the antenna was end fed (Fig. 4E), 
as it was for the same types ol 
feeds using the three-half wave¬ 
lengths antenna (Fig. 3). The large 
lobes off the free end of the wire 
were again closer to the wire when 
the two-wavelength antenna was fed 
three-quarter wavelength off cen¬ 
ter, (Fig. 4D), than when the wire 
was fed one-quarter wavelength 
from the end (Fig. 4E). 

Also shown in Figure 5 are the 
patterns of longer wires, namely, 
two and one-half wavelengths and 
three wavelengths long. Time did 
not permit further measurements. 
The minima were not complete as 
was shown before for similar type 
feeds used on shorter lengths of 
wire. Similar effects of non-sinu- 
soidal current distributions were 
present when unterminated rhom¬ 
bic and V antennas were measured. 

This investigation was prompted 
by discussion between C. H. Page 
and G. H. Brown at the I.R.E. 1947 
Winter Convention in New York 
City, of the effect of the diameter 
of the antenna on the pattern when 
various positions of feeds are used. 
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Antenna Power Divider 

Chart facilitates finding correct values of L and C for any desired division of currents in 
a two^lement broadcast array, with constant phase shift and constant resistive input 


A SIMPLE power divider for a two- 
> element broadcast antenna ar¬ 
ray can be built from the basic cir¬ 
cuit shown in Fig, 1, Here resis¬ 
tors R represent actual measured 
values of characteristic impedance 
for the two transmission lines and 
must be equal, while L and C are 
variable and allow for any power 
division desired. As long as the cor¬ 
rect relationships are maintained, 
the input impedance will be resis¬ 
tive and of a constant value, and 
most important, the phase shift be¬ 
tween lines will remain constant. 
This means that the operator can 
vary tower current without having 
to change phasing adjustments. 

The required relationships are 
that XlXo ahvajrs be equal to R* 
and that Z»/Z^ always be equal to 
the current ratio K, which is equal 
to the square root of the power 
ratio. 

By means of the chart in Fig. 2 
it is possible to observe these rela- 


By EARLE TRAVIS 

tionships automatically and find 
quickly the values of Xi. and Xf for 
any current ratio desired. The 
chart gives the cosine value for each 
series circuit. Fyom this, the angle 
and its tangent can be found in a 
trig table, and the reactance value 
of each branch computed from 
Xjt = R tan A and X^ — R tan J5. 
Knowing the operating frequency, 
L and C are computed from L = 
XJ2%f and C = l/27c/X«. 

CoselasloB 

Usually it is best to let cosine B 
be negative so that branch B is ca¬ 
pacitive. This allows for smaller 
units, but the capacitor must with¬ 
stand fairly high voltage. In the 
case of high power it might be bet¬ 
ter to let cosine B be positive so 
its circuit is inductive. This will 
call for larger units, but the capaci¬ 
tor will not have to withstand such 
high voltage. 

Example: Operating frequency 


is 1000 kc, current ratio is 3/1 and 
R is 230 ohms. For a current ratio 
of 3/1, the chart gives a value of 
0.950 for cos A, and a trig table is 
then used to find tan A =: 0.3284. 
Similarly, cos B rz 0.312 and tan 
B = 3.044. Substituting in Xa = R 
tan A, X^ = 230 x 0.3284 75.51 

ohms. Similarly, Xh = 230 X 3.044 
= 700 ohms. Allowing Xh to he ca¬ 
pacitive, C 1/6.28 X 1,000,000 x 
700 = 227.5 iiA/xf. Xa is then induc¬ 
tive, and L ~ 75.51/6.28 X 1,000,- 
000 = 12 fih. The alternate solution 
with Xa capacitive and Xh inductive 
gives C =: 0.0021 /xf and L — 111.4 

/xh. 

The vector diagrams in Fig. 3 
cover three different current ratios. 
Note that when the two current vec¬ 
tors are added in each case, their 
sum is always the same and is along 
the reference axis. This shows that 
the input of this power-dividing 
network is always resistive and of 
constant value. 
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Phasing Networks for Broadcast Arrays 

Graphical methods are applied to the design of phase-shifting and impedance-matching 
networks required to distribute power properly in directional antennas. Compared to 
conventional network analysis the vector method results in economy of circuit compo¬ 
nents and simplified design procedure 

By C. R. COX 


V ECTOR syntheBis is a convenient 
mathematical tool which is 
very helpful to the designer of r-f 
phase-shifting and impedance¬ 
matching networks for the di¬ 
rectional arrays used by many 
broadcast stations. Not only does 
this combination graphical and me¬ 
chanical technique afford a clear 
understanding of the operation of 
a-c circuits, but it can also be used 
to synthesize network designs 
which display great simplicity 
when compared to circuits deter¬ 
mined by ordinary methods. Prob¬ 
lems in the design of phasing net¬ 
works for directional antenna ar¬ 
rays are particularly susceptible to 
solution by vector methods. 


f riaciples mi Vector Syathcsif 


In general, the synthesis of a net¬ 
work by vector manipulation usu¬ 
ally reduces to the following prob¬ 
lem : Given a pair of vectors h and 
Exf representing the current through 
and the voltage across an imped¬ 
ance, it is required to establish a 
circuit which will transform h and 
El into another pair of vectors, /. 
and Et, The latter pair of vectors is 
usually specified by the conditions 
of the problenut 
When the input and output im¬ 
pedances Ri and between which 
the network must operate are 
known, the two currents are re¬ 
lated by a simple law which equates 
input and ou^ut powers: 

h^Ri = I/R, 


t It th« circuit ia free from dlMlpatloii. 
the BMoad pair of Tcctora is aubjcct to the 
reatrietloti. 


ia which the aateriak (*) ilenotea the coa- 
Jogate metioa. This equatioa states that 
the aetwacli nast neither create aor dssboj 



FIG. 1—Desired rodiotion pattern, which 
con be produced by the antenna array 
ol Fig. 2 
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FIG. 2—Antenna ar ray required to pro¬ 
duce the rodiotion pottem of Fig. 1 


The method of designing a net¬ 
work by vector synthesis may be 
most easily outlined by means of a 
specific example. To illustrate the 
general method, let it be required 
to design phasing networks suitable 
for providing currents of the de¬ 
sired magnitude and phase to three 
vertical radiators, in order to pro¬ 
duce the radiation pattern shown 
in Fig. 1. 

An analysis of this radiation pat¬ 
tern reveals that the towers must 
be 0.25 X high, separated by a dis¬ 
tance 0.301 X, and fed with currents 
whose magnitudes and relative 
phases are as given in Fig. 2. A 
block diagram showing the elements 
of a suitable system of networks to 
produce the desired radiation pat¬ 
tern is shown in Fig. 3. 

The problem at hand is now to 
design, by methods of vector syn- 
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thesis, impedance-matching net¬ 
works between the transmission 
lines and the antennas, power-divid¬ 
ing and phase-shift networks, and 
the impedance-matching circuit 
which connects the transmission 
line from the transmitter to the 
three power-dividing and phase- 
shift net^vorks. (It should be noted 
from Fig. 2 that antenna 1 is lo¬ 
cated at the transmitter and conse¬ 
quently does not require a trans¬ 
mission line, as do the other two 
antennas.) 

To design a feed system for the 
array of Fig. 3, it is necessary to 
start at the antennas and work 
back through each network and 
transmission line toward the trans¬ 
mitter. The conditions of the prob¬ 
lem yield the following information 
regarding antenna currents, imped¬ 
ances, and powers: 

/«■ “ 6. 7/17.6* amperei 
Jai 2.8 6/8.8* smperM 
/.I •• 8.56/0* amperas 

- 28.7 +i39 - 48.4/53.6r ohms 
Zitf - 108 - i46 - 117/- 22.63* 
Zrt-»38.6+j37i/63T 5740F 

F«i •• 1290 watts 

- 890 watts 
Pal — 2820 watts 

where !„, and are currents in 
antennas 1, 2, and 8 respectively, 
and the angles represent phases rel¬ 
ative to that of /.» The quantities 
Znt and Z„ are the impedances 
of antennas 1,2, and 8, respectively, 
and Pa, Pa, and Pa are the powers 
in antennas 1, 2, and 8. respe^vely. 


From this data the voltage ap¬ 
plied to the antennas and the cur¬ 
rents in the transmission lines 
(whose impedance is Z. = 70 -f /O) 
can be determined as follows: 

Ea - |/rt| Za - 6.7 X 48.4/53.67* - 
324/53.67* volU 

Ba - |/rtl - 2.86 X 117 /-22.6 3* - 
335/-22.63* volts 

Ea’^\Ia\Za^SMX 53. 5/43.83* - 
458 /43.83* volts 

lu > - V^O/TO - 3.56amp. 

lu - -^Pa/Z - V2820/70 - 6.35 amp. 
Eli “ Zt In •• 70 X 3.56 “ 250 volts 
Bu - Z./u - 70 X 6.35 - 444 volU 

where Ea, Ea, and Ea are the volt¬ 
ages applied to antennas 1, 2, and 8 
respectively and the phase angle of 
each voltage is referred to the cor¬ 
responding antenna current as a 
reference, and lu are the magni¬ 


tudes of the currents in the trans¬ 
mission lines feeding antennas 2 
and 8, and Eu and Eu are the mag¬ 
nitudes of the voltages across these 
transmission lines. With this data, 
the impedance-matching networks 
between the transmission lines and 
the antennas can now be designed. 

Desifa ef Network for Mateklsf 
ImpedoRcet 

The sketch in Fig. 4 illustrates 
the synthesis of a network for 
matching the line impedance of 
Z. = 70Z0* ohms to the center an¬ 
tenna impedance of 117 Z—22.68* 
ohms. We begin by drawing a vec¬ 
tor of length 2.86 units to repre¬ 
sent the antenna current Ia> This 
vector can be drawn in any ctmven- 
ient direction but since it is used 






riG. 8 —SyntheiU of phoeing and powor-dlvldlng networks 


FIG. 10—AltemotlT# design of phasing networks 


as the reference vector, it will be 
drawn along the x-axis. To some 
suitable voltage scale, the vector for 
the antenna voltage E. 2 , at an angle 
of —22.63® with respect to /.s, can 
also be drawn. 

An L network of the type shown 
will give the impedance transfor¬ 
mation. For such a network, Kirch- 
hoiTs law for branching currents 
must be satisfied, i.e., lu = /«* 4- 
/„ where U is the current through 
the capacitor. Therefore the tips of 
1 1.2 and /« must coincide at some 
point P which lies on a circle of 


radius In = 3.56, drawn from 0 
(zero) as a center. Since the cur¬ 
rent through a reactance forms a 
90-deg angle with the voltage 
across it, we may lay out /, at 
right angles to Eaz, and the inter¬ 
section of 7, with the circle locates 
the point P. 

The potential Eu must equal the 
sum of E, and E.^- Therefore, the 
tail of Es must lie on the tip of 
Eu 2 » and the direction of E, is nor¬ 
mal to the current /t, through the 
inductance. The magnitude of Em 
is determined by the point of inter¬ 


section with /j.*, and the voltage tri¬ 
angle is completed by drawing Et^t 
from 0 (zero) to the point of in¬ 
tersection of Em with current 
Because h leads JE7.s by 90 deg, 
the parallel reactance must be that 
due to a capacitance. Similarly, 
since E, leads by 90 deg, the 
series reactance must be that due 
to an inductance. The magnitudes 
of the required reactances are ob¬ 
tained by dividing the length of a 
vector representing voltage across 
a reactance by the length of the 
corresponding current vector, i.e.. 
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Xl = EJhi. and 

The network of Fig. 4 is a delay 
network because /•> lags behind Ll.. 
Had we chosen to extend /« in the 
opposite direction, intersecting the 
circle at Pj, a phase-advance net¬ 
work would have been obtained. 

Choice of Cooiigorcrtloii 

The choice between the phase-ad¬ 
vance and the phase-delay config¬ 
uration is purely a matter of con¬ 
venience. Any impedance trans¬ 
formation problem may be solved 
by either network. However, in de¬ 
signing the matching circuit for 
antenna 3 we choose the phase-ad¬ 
vance network because this choice 
happens to simplify design of the 
phasing networks. We begin the 
construction of the vector diagram 
for antenna 3 (Fig. 5) by drawing 
vectors /« and The series 

capacitor introduces a voltage E, 
which adds to but in a direction 
normal to /« 3 . Then, a circle of 
radius £r.s locates the tip of E^, 
and the vector /n, whose length is 
known, is drawn through the point 
of intersection. The vector /,, 

drawn normal to and lagging /ta» 
completes the construction. 

Pliatiiig Networks 

A summary of the phase shifts in 
the lines and antenna tuning units 
is given in Fig. 6. Each of the two 
transmission lines introduces a de¬ 


lay (in degrees) of ^ = 360 //a, 
where I is the length of the line and 
A is the wavelength. For a = 0.301 
the delay is 109 deg, and for a = 

O. 602 the delay is 217 deg. The ap¬ 
paratus to the left of the dotted 
line in Fig. 6 is required to 
divide the transmitter power into 
three parts and distribute it among 
the three antennas with the re¬ 
quired phase angles and ampli¬ 
tudes. Figure 7 represents the 
three voltages and currents leaving 
the phasing apparatus at the dotted 
lines of Fig. 6. 

The remaining problem is that 
of selecting a voltage vector E 
which can be rotated and trans¬ 
formed by means of three separate 
reactance networks to produce 
E/.i, and An important point is 
that the vector E may be of any 
magnitude and of any phase, and 
we may therefore select E to suit 
our own convenience. Referring to 
Fig. 8 we see that reactances in 
series with transmission lines 2 
and 3 produce voltage vectors £',2 
and E»t which intersect at P. The 
vector £, drawn from 0 (zero) to 

P, is then a convenient vector to 
represent the input voltage. 

Since the antenna current /.i is 
far removed in direction from £, 
it is necessary to obtain somehow 
a new current /, that is at least 
within 90 deg. of £. This is ac¬ 
complished by introducing a paral¬ 


lel capacitance across antenna /., 
producing the current P leading 
£«i by 90 deg. An inductance in 
series with /, introduces a voltage 
vector drawn from the tip of 
Eax by 90 deg. An inductance in 
7, perpendicular to £„ we have sat¬ 
isfied all the conditions of the prob¬ 
lem. 

Input Circuit 

An input circuit, to provide a 
load impedance of 70 -4- ;0 ohms 
for the transmitter, is illustrated in 
Fig. 9. The total current 7 is ob¬ 
tained by adding vectorially the 
three branch currents 7., 7^, and 
7/3. By adding a series inductance 
to produce £,, and a parallel capaci¬ 
tance to produce 7^, the voltage and 
current triangles are all properly 
completed. 

Alturnofivu Solution 

In an earlier paragraph, it was 
stated that any voltage vector E 
(Fig. 8) could be selected when de¬ 
signing the phasing networks. Sup¬ 
pose, for instance, that antenna 3 
is thought to be the dominant ele¬ 
ment in the array and that we wish 
to do all the tuning in the networks 
feeding antennas 1 and 2. Then, 
£/., is the input voltage, as shown 
in Fig. 10. The design in this case 
follows the same principles estab¬ 
lished in previous examples. 


Conq^lolod stanpllllod STUtom of notworku doulgnod by voder ly n t hou l r . 
and oquhrcdoBt uyutoin of aotworku dodgnod hj convoatieiicd iMthods 
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Phase Monitor for Broadcast Arrays 

The phase angle between any two directional antenna towers can be chedied in 
thirty seconds to within a degree of the design value for the array, by a device 
that is mechanically simple to construct, easy to check or use. It requires no power 
supply and contains no components whose drift or age affects the calibration 

By BERNARD C. O’BRIEN and FRANCIS L. SHERWOOD 


D irectional broadcast antennas 
are becoming more and more 
complicated and require an accurate 
means of measuring the phase and 
magnitude of the individual tower 
currents, if the radiated pattern is 
to be maintained. The phase moni¬ 
tor described here is fundamentally 
simple and stable and will indicate 
phase relations between r-f cur¬ 
rents in any desired number of 
towers, within one half of one de¬ 
gree. Readings may be made of 
either the large or small angle be¬ 
tween two currents, and no ambigu¬ 
ity can exist as to the quadrant in¬ 
volved. 

The phase monitor is the result 
of a few experiments with an r-f 
bridge and some flexible plastic di¬ 
electric coaxial line. At approxi¬ 
mately 90 degrees from the top of 
each of our towers, we had installed 
a large rectangular one-tum 
shielded loop. Energy picked up by 
the loop was fed to the transmitter 
house by three l-inch coaxial lines. 
Considerable care was taken to 
make these lines of equal length, in 
order that each sample of current 
should experience the same delay in 
traveling from the towers to the 
phase monitor. 

The principle of operation of the 
monitor is illustrated in Fig. 1. 
Two tower sampling currents, be¬ 
tween which the phase angle is to be 
determined, are selected by switches 
Sa and Si,. A phase delay is intro¬ 
duced in the current chosen by 
switch S., by cutting in and out 
predetermined lengths of coaxial 
line, using switches S, through S„. 
Thus, the current from St is delayed 
suflSeiently to bring it into phase 
with that from S.. The currents 
leaving the phase delay lines flow 


throufi^h r-f milliammeters and ter¬ 
minating resistors Ra and Rb, to 
ground. A portion of the voltage 
drops across Ra and Rn is fed 
through potentiometers Rs and ca¬ 
pacitors Ct to a germanium recti¬ 
fier, X. 

When the two r-f voltages leaving 
potentiometers R^ are equal in mag¬ 
nitude and exactly in phase, no volt¬ 
age appears across X, and no cur¬ 
rent flows through it. When these 
conditions do not exist, the recti¬ 
fier current is indicated by the d-c 
flowing through the two r-f chokes 
and the galvanometer G, a 0-1 d-c 
milliammeter. The two r-f milliam¬ 
meters are in the circuit simply to 
indicate relative tower currents and 
have no function in measuring 
phase relations. 


In operation, the switches Sa and 
S„ are set to the desired position, 
and potentiometers i?g are advanced 
simultaneously, until meter G gives 
a substantial indication. Delay is 
then added to channel B, by 
switches Si through Sn and both 
potentiometers Ra are progressively 
advanced, until a zero reading is 
obtained on meter G. The switches 
S, to Sv that have been brought into 
the circuit are then totaled to indi¬ 
cate the amount of phase delay that 
has been introduced. Maximum ac¬ 
curacy is obtained when one or the 
other of potentiometers Bg are ad¬ 
vanced to the maximum position. In 
this manner readings may be dupli¬ 
cated to within 0.5 degree or better. 

Sufficient delay line is available to 
carry a current through a complete 
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PIG. 2—Victor diogreai ihowiiig How 
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360-defirree circle. Thus, each phase 
measurement can be checked by 
first measuring the smaller angle 
between two currents by delaying 
the leading current and next by de¬ 
laying the lagging current to de¬ 
termine the larger angle which 
should complete the 860 degrees. 
As shown in Fig. 2, it is possible to 
delay the No. 1 current 120 degrees 
to meet the No. 2 current, or to de¬ 
lay the No. 2 current by 240 degrees 
to coincide with the No. 1 current. 
Each pair of measurements made in 
this way adds to 360 degrees to 
make the procedure self-checking. 
Three or more currents can also be 
checked to total to 360 degrees, a 
procedure that inspires a good deal 
of confidence in the readings taken, 
provided the total comes out right. 

CkmMuq Mositor Celibratiea 

It is possible to check the phase 
delay network itself for any slight 
variations, simply by putting both 
switches Sa and S» on the same 
source and obtaining a balance with 
zero degrees and 860 degrees of de¬ 
lay line. This method has been used 
repeatedly in an effort to detect any 
tendency of the coaxial sections to 
change characteristics. So far, no 
drifting has been ol^erved, within 
the 0i5-degree accuracy of the moni¬ 
tor. 

With a little practice a single 
phase reading may be made In about 
thirty seconds. The instrument is 


always ready for use, as it requires 
no warming up period or calibrat¬ 
ing adjustments. Modulation does 
not affect the measurements, since 
the signal is completely canceled for 
exact balance. 

The indicating meter used is a 
large scale 0-1 milliammeter. A 0.5- 
degree error at balance is indicated 
by a needle deflection of about 
inch on the large scale. More sen¬ 
sitivity can be obtained by substi¬ 
tuting a microammeter, or by using 
an audio amplifier and speaker in 
place of the meter. A D.25-degree 
coaxial section and switch may also 
be added, for finer readings. 

Svilding a Delay Line 

For the coaxial delay line a flex¬ 
ible low-loss plastic dielectric line 
was used, of about i inch outside 
diameter having an outer coating of 
rubber. A 175-foot unterminated 
piece was connected to an r-f bridge 
and was trimmed to exactly 90 de¬ 
grees by observing when the bridge 
indicated a short circuit on our fre¬ 
quency of 1460 kc. The 90-degree 
section was found to be exactly 106 
feet indicating a velocity of 63 per¬ 
cent of that in free space. The char¬ 
acteristic impedance of the line was 
next determined by locating a non¬ 
reactive resistor that gave the same 
bridge indication when measured 
either alone or through the 90-de- 
gree section of line. The value of 
this resistor turned out to be 62.5 
ohms. 

The input impedance at the moni¬ 
tor terminals was next measured 
and adjusted. It is important that 
each termination be equal and non¬ 
reactive, and constant for all, delay 
combinations; otherwise slight 
phase shifts will be introduced at 
this point, with resulting error in 
measurements. With the bridge con¬ 
nected directly to the r-f milliam¬ 
meter input post, Ra and Rg were 
adjusted to give a termination of 
exactly 62.6 ohms. The remaining 



PIG 3—^Voctor dlagfom ahowing octuol 
pbote ralortloni of WHEC tbr»«-tewer array 


inductive reactance due to wiring 
was cancelled by adjusting Cf, 76- 
micromicrofarad variable capaci¬ 
tors. The wiring from input ter¬ 
minals to Sa and Sm was made as 
short and symmetrical as possible, 
in order to minimize reactances at 
the line terminations. 

Inductive reactances due to wir¬ 
ing between switches Si to Sn were 
canceled by adding shunt capaci¬ 
tances at various points along 
the switch row. After some trial 
and error, the combination of ca¬ 
pacitors shown held the input im¬ 
pedance to channel B at 62.5 + j 0 
ohms for all settings of the phase 
delay network. 

Ad|«ttiag far Zero 

The length of the coaxial line be¬ 
tween Sa and its associated r-f mil¬ 
liammeter was adjusted to give a 
delay exactly equal to that between 
Sb and its r-f meter, when all phase 
delay switches Si through Su were 
turned off. This was done by feed¬ 
ing both Sa and Sb from the same 
source and trimming the channel A 
coaxial line to obtain a zero gal¬ 
vanometer indication, with no delay 
introduced in channel B. 

A specimen phase reading on 
WHEC's tower currents gives the 
data presaited in Fig. 8 and cor¬ 
responds exactly to values assigned 
in the original design for the re¬ 
quired directional characteristics 
of the array. 
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of Directional Antennas 

A method of measuring resistance and reactance values at 
radio frequencies with an ordinary 3-inch cathode-ray oscil¬ 
loscope while full power is being fed to the broadcast 
antenna. Width and height measurements of an elliptical 
pattern give the required constants 

ly WILLIAM S. BUTTERA 


I N the alignment of directional an¬ 
tennas there arise two types of 
problems. The first is that of securing 
the proper phase relations and 
amplitude relations between the var¬ 
ious antenna currents. The second 
is that of tuning each antenna to 
match its transmission line, so no 
standing waves exist on the line. 

The methods of arriving at proper 
phasing and current ratios are as 
varied as the number of engineers 
engaged in tuning directional an¬ 
tennas. It is not proposed to discuss 
this subject here, but instead to deal 
with the second part of the problem. 
Specifically, this involves determin¬ 
ing the resistance and reactance 
which each transmission line sees at 
its antenna. The engineer wants to 
know if the line is “working" into 
too high or too low resistance, how 
much reactance is present and 
Whether this reactance is inductive 
or capacitive. 

In some cases, particularly with 
antennas less than about 120 degrees 
high, it is possible to calculate the 
line termination networks with 
reasonable accuracy by a combina¬ 
tion of ordinary measurements and 
proper application of circuit theory. 
Witii high antennas having distorted 
current distribution, or with a com¬ 
bination of high and low antennas, 
accurate calculations are not pos¬ 
sible. It has heretofore been neces¬ 
sary in these cases to obtain final 
circuit adjustmrat by what almost 
becomes a trial and error method. 

It must be noted that it is im- 
poseiUe to measure, by normal 
methods, the impedance of an an¬ 
tenna as a working part of a di¬ 
rectional system. The measuranent 
most necessarily be made without 


nc. 1—Siandard Bclhod oi awasntliis 
ntisicmM oad Mocloac* «i a lead at 
power beeuenelei, wine erdlnaiy nMlere 

disturbing the system, under the 
condition of partial or full power. 
It is in this manner that the cathode- 
ray tube measurements to be de¬ 
scribed are made. 

Metfced Used in M-cyele CireeiH 

In 60-cycle single-phase power cir¬ 
cuits the load impedance can be 
found with meters measuring volts, 
amperes and power factor, connected 
as shown in Pig. 1. In brief, one 
current flowing in the power factor 
meter is proportional to the phase 
and magnitude of the load current, 
and the other current is proportional 
to the phase and magnitude of the 
load voltage. The resultant action of 
the fields of these two currents upon 


a vane produces a displacement of 
the vane. A pointer attached to the 
vane indicates directly the phase 
angle between load current and vol¬ 
tage. 

With E, I and the phase angle ^ 
known, the resistance R and X are 
obtained from the following basic 
formulas: 

Cotbeda-ray Toba Mathad 

In the r-f version of the procedure 
for determining load impedance, a 
cathode-ray tube is substituted for 
the voltmeter, ammeter, and power 
factor meter, as shown in Fig. 2. In 
this case it is simpler to use voltages 
instead of currents. A cathode-ray 
tube with electrostatic deflecting 
plates is chosen. A voltage propor¬ 
tional to the amplitude and phase of 
the load voltage is taken from vol¬ 
tage divider CJt, and applied to hori¬ 
zontal deflecting plates C and D. A 
voltage proportional to the ampli¬ 
tude and phase of the line current is 
secured from a well-shielded trans- 
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Multi-Wire Dipole Antennas 

High-frequency antennas to which transmission lines of high impedance (of the order of 
500 ohms) may be directly coupled, without the use of matching transformers, and which 

use several wires in the dipole, are here described 


By JOHN D. KRAUS 


T he single-wire half-wave doub¬ 
let is a common form of short¬ 
wave antenna. When operated at its 
fundamental frequency there is a 
maximum of current, or current 
loop, at the center of the antenna 
and a minimum of current at the 
ends. The resistance, as measured 
at the current loop point of this an¬ 
tenna, is about 70 ohms when the 
antenna is in free space. Thus, a 
transmission line connecting a trans¬ 
mitter to the current loop point of 
a single-wire half-wave doublet 
should have a characteristic imped¬ 
ance of about 70 ohms if a minimum 
of reflection on the line is desired. 

A line of this relatively low char¬ 
acteristic impedance may be con¬ 
venient in some cases. In other 
cases, a higher impedance line may 
be preferable. Such lines, having a 
characteristic impedance of 300 to 
600 ohms and constructed of parallel 
open wires, are commonly used in 
short-wave practice. To terminate 
such an open wire line at the cur¬ 
rent loop point of a single-wire half¬ 
wave doublet with a minimum of re¬ 
flection requires the use of some 
type of matching transformer. 
Quarterwave transformers, building- 
out sections, and delta matching sys¬ 
tems are often used for this purpose. 

This article describes a number 
of new antennas of^the multi-wire 
type*. Three of the multi-wire 
doublets discussed are one-half wave¬ 
length long and a number of other 
types both longer and shorter than 
a half-wave are also treated. Sev¬ 
eral of these antennas have terminal 
resistances which are suitable for 
the direct connection of an open 


wire transmission line. For this 
reason they may be more’convenient 
in certain cases in place of a single¬ 
wire doublet which requires some 
form of matching transformer. The 
transmission line terminals of all of 
the types described are located at a 



Pig. 1—Two, throo and fear wire 
holf-woTO ontonaot. The Instantono- 
eus eurroals aro la phase with each 
other and their dlrectloas ore Indi¬ 
cated by the orrows 

current loop point Lindenblad* has 
recently described a folded antenna, 
which might be called a 2-wire 
quarter-wave doublet, in which the 
terminals are located at a current 
node. 

Multi-Wave Heif-Weve Doublets 

Figure 1 shows multi-wire half¬ 
wave antennas employing two, three, 
and four parallel in-phase wires. The 


current distribution at a given in¬ 
stant is indicated by the arrows on 
the wires. The two-wire half-wave 
doublet at a consists of two parallel 
closely-spaced half-wave wires con¬ 
nected together at the ends. Very 
small spacing d between the wires of 
the order of 0.01 wavelength can be 
used. With the antenna in free space 
the feed point radiation resistance 
is about 350 ohms. Thus, it is prac¬ 
tical to connect an open wire trans¬ 
mission line of this characteristic 
impedance directly to the terminals 
of the antenna and no matching 
transformer is required. 

By using a larger number of par¬ 
allel in-phase half-wave wires the 
feed point resistance can be further 
increased. Thus, Figs, lb and Ic 
show three- and four-wire half-wave 
doublets which have terminal resis¬ 
tances of approximately 875 and 
1500 ohms respectively. It is not 
practical to build open wire lines of 
sufficiently high characteristic im- 



* J. D. Kraai, Multi-Wire Doublet AntennaM. 
Ra4io, No. 239. d. 24. May 1989; alao Jiadio, 
No. 240, p. 21. June 1989. 


*N. E. Llndenbla^ Televiaion Transmit- 
ting Antenna for Efotplre State Baildtna* 
UCA Keview, vol. 8. no. 4, p. 400, April 1989. 
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pedance to directly match these 
three- and four-wire doublets. How¬ 
ever, these doublets can be applied 
to beam antenna systems where an 
increased feed point resistance is 
desired. Several beam antenna sys¬ 
tems using multi-wire doublets have 
recently been described.^ 



Fig. 3—Th« length of the ontonna 
bocomot moro critical ac tho numbor 
of wiros it Inerootod. Also, tho 
■landing wcnr# ratio Incroosoc 

Although the feed point resistance 
of the multi-wire doublets is much 
higher than for the single-wire half¬ 
wave doublet, the radiation char¬ 
acteristics of both types are very 
similar. 


antennas described to determine the 
effect of antenna length and fre¬ 
quency on the impedance match of 
the antenna to the transmission line. 
The standing waves on the transmis¬ 
sion line were used as an indication 
of the condition of match. 

The measured variation in the 
standing w^ave ratio versus length 
of the antenna for the multi-wire 
antennas described is given in Fig. 
3. The lengths are plotted in terms 
of the optimum length, that is, the 
length resulting in the smallest 
terminal reactance. The antennas 



Fig. 4—Th« Btoxidlag wow ratio Is 
quilo constant ovor tho oporotfng 
rang# from 14.0 to 14.4 Me. A 
S70 ohm lino woo usod 


Additionol Typos 

Another type of multi-wire an¬ 
tenna called a two-wire three-quarter 
wave doublet is shown in Fig. 2a. 
This antenna is approximately three- 
quarters wavelength long overall. 
The resistance at the terminals is 
about 450 ohms with the antenna in 
free space and thus, a 450-ohm 
open-wire line can be directly con¬ 
nected to the terminals of this an¬ 
tenna. 

Figure 2b shows a four-wire three- 
eighths wave doublet. This antenna 
has four parallel wires and is three- 
eighths of a wavelength long over¬ 
all. The terminal resistance is about 
280 ohms when the antenna is in 
free apace. 

Tests were made on the multi-wire 
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were tested in a horizontal position. 
A frequency of about fourteen Me 
was used and the frequency, height 
above ground and spacing between 
the wires were maintained constant. 
A 670-ohm transmission line was 
used in each case and was connected 
directly to the antenna terminals. 
The optimum lengths expressed in 
wavelengths for the various an¬ 
tennas were found to be approxi¬ 
mately as follows: Two-wire half¬ 
wave, 0.49 X; three-wire, 0.46 X; 
four-wire, 0.47 X; two-wire three- 
quarter wave, 0.71 X; and four-wire 
three-eighths wave, 0.38 X. 

Using these optimum lengths, the 
variation of standing wave ratio 
with frequency was measured. The 
results are shown in Fig. 4. A 570- 
ohm line was directly connected to 
the antenna terminals in each case. 
Some mismatch is to be expected for 
certain of the antennas such as the 


four-wire doublets. However, it is 
significant that over the frequency 
range measured (amateur 14.0 to 
14.4 Me band) the standing wave 
ratios remained very constant. 

In the frequency test all of the 
antennas were suspended in a hori¬ 
zontal position and at a height of 
about 25 feet above ground except 
the four-wire half-wave which was 
about 30 feet above ground. The 
height of an antenna above ground 
has, of course, an important effect 
on its terminal resistance and react¬ 
ance. 

The antennas were constructed of 
number twelve (B. & S. gauge) wire 
and the overall spacing d was of the 
order of 0.015 wavelength or less. 
Thus, for example, the two-wire 
half-wave doublet designed for 14 
Me was 34 feet long and had a wire 
spacing of one foot. 

Thrss-Eighthi Wove Vsiticol 

Although the multi-wire antennas 
described may be used in either a 
horizontal or a vertical position, a 
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Fig. 5—A thrsMlghts wovs Tarlleal 
ontsnna working against ground 
and Its total curront distribution 


purely vertical type can be con¬ 
structed by using one-half of the 
two-wire three-quarter wave an¬ 
tenna and working it against ground. 
The arrangement for such an an¬ 
tenna is shown in Fig. 5a. The total 
current distribution (vector sum of 
currents in both wires) is given in 
Fig. 5b. The terminal resistance of 
the antenna is about 250 ohms. An 
interesting property of this antenna 
is that due to the multi-wire con¬ 
struction, a current distribution is 
produced which is similar to that of 
a vertical top-loaded single-conductor 
antenna. 
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Low-Impedance Loop Antenna for 
Broadcast Receivers 


Using a large low-impedance loop antenna improves pickup over that of a smaller high- 
impedance loop. Design of transformer for optimum coupling of low-impedance loop to 
grid of first stage is described. Curves give conditions for maximum gain 


By L. 0. VLADIMIR 


L ow-impedance loop antennas have 
I been used for some time in direc¬ 
tion finders, and just prior to the war 
were befrinningr to find favor in home 
receivers. They arc of particular 
value in larpre console models where 
advantaKe can be taken of available 
area to install efficient antennas. 

In addition, low-impedance loop 
antennas are stable. That is. their 
inductance will ordinarily not change 
with age and humidity as much as 
will that of high-impedance loop.s. 
Placement of leads from loop to re¬ 
ceiver is not as critical for low-im¬ 
pedance loops as for high-impedanco 
loops. Also, the low-impedance loop 
is easier to manufacture than the 
high-impedance loop because its in¬ 
ductance need not be adjusted to 
within such narrow limits; normal 
manufacturing variations can be 
compensated with the antenna trim¬ 
mer. Of course the coupling trans¬ 
former must be closely adjusted, but 
this is standard procedure in coil 
manufacture. 

Covpiing Transformer 

The heart of the low-impedance 
loop antenna is the step-up trans¬ 
former that couples the loop to the 



FIG* 2—Curve (A): Inductonce ratio oi a 
luDctioa oi coupling eooiiidont for maxl- 
rnum gain* Curvo (B): Goin factor at a 
fuactioa of coupling coofficioat for opti¬ 
mum inductonco ratio. Curvo (Ch Ratio oi 
P's for optimum laductanco ratio variot 
with coupling cooffldoat 

grid of the r-f or mixer tube. The 
chriracleristic of this circuit is given 
by the expression, derived in Ap¬ 
pendix I 


Gain ^ X 

[m(l -f-tn - mifc2)/(l + m)]*/* X 
(1 -f m + (1) 


coupling transformer and to compare 
merits of the low-impedance loop to 
those of the high-impedance loop. 

Optimum Gain 

Of primary interest in determin¬ 
ing maximum gain of the coupling 
transformer is the magnitude of the 
(juantity m in Eq. 1. Because the 
values Luf, Ll and Qs are roughly 
fixed by other design considerations, 
we specifically wi.sh to substitute var¬ 
ious values of Ic in Eq. 1 to find what 
value ni must be for maximum gain. 
While the maximum point could be 
found by differentiating this ecjua- 
tion, the resultant derivative is a 
sixth order equation and extremely 
difficult to handle. Accordingly the 
information was obtained graphi¬ 
cally and is shown by curve (A) in 
Fig. 2. 

Knowing the realizable coefficient 
of coupling which we can obtain in 
our transformer design, we can find 
VI directly. From this value of vi 
and the loop inductance Li we can 
find the required primary inductance 
Lp. Inasmuch as the quantity L,q 
is fixed by tuning considerations, 
only the quantity 



PIG. 1—Low-imp«daac« loop aatonno If 
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in which the significance of the 
terms is shown in Fig. 1 and Table I. 

In the schematic diagram of Fig. 1, 
the inductance L,, is the loop, which 
can or cannot be center-tapped. 
Neither case will affect the results 
because capacitance coupling be¬ 
tween primary and secondary wind¬ 
ings is very small compared to in¬ 
ductive coupling. 

Equation 1 will be analysed to de¬ 
termine the optimum design of the 


-h m - mib*)/(l -f- m)P'* X 

(l-f m -H 

of Eq. 1 can be varied freely. Call 
this quantity the gain factor and 
plot it against k as shown by curve 
(B) in Fig. 2. 

Obviously k should be as large as 
possible for maximum gain, but the 
difference in performance between 
a coil having a ^ of 85 percent and 
one having a of 96 percent hardly 
justifies extraordinary or costly pre- 
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FIG. 3—Gain factor at a function of inductance ratio for conetont coupling 
coefficient ehowe a brood maximum 


cautions to obtain the hiRher coup¬ 
ling coefficient. Small powdered-iron 
core coils normally can be made with 
a k of 85 percent. Such a design is 
usually satisfactory from both cost 
and performance standpoints. The 
addition of powdered-iron cups sur¬ 
rounding the coils may bring k to 
over 90 percent, but the additional 
co.st is considerable. If a coil is de¬ 
signed without powdered-iron, the 
coupling coefficient usually obtainable 
hardly justifies the degradation in 
performance. 

The curve of gain factor as a func¬ 
tion of allowing k to remain con¬ 
stant, shows the maximum to be ra¬ 
ther broad as illustrated in Fig. 3. 
Thus with k fixed at unity, m can 
have value from 0.17 to 0.3 with¬ 
out noticeable loss in gain, (’urves 
ff»r other values of k can be plotted. 

Condactor Siia 

It i.s usually of interest to estimate 
the overall total Q of the coil in the 
circuit. The ratio of this value Q,u 
to is plotted as curve (C) in 
Fig. 2 against coupling coefficient. 
This ratio holds for values of m to 
give maximum gain as shown in 
curve (A) in Fig. 2, and the assump¬ 
tions are the same as were made in 
the calculations for that curve, 
namely that Q,, equals Qf and the 
total primary quality (i.e., of L,. and 
Lf combined) equals one-half Qs^ 


The choice of conductor size fovLi., 
L/., and /v. is the determining factor 
in fixing selectivity and must there¬ 
fore be carefully considered by the 
designer. When an iron core is used, 
the secondary can be properly wound 
with 6/41, 7/41, or 10/44 sse litz 
wire, and excellent secondary quality 
thus obtained. Either the loop an¬ 
tenna is constructed of heavy copper 
wire ( No. 10 H&S gage or larger) or 
it may be made of flat copper ribbon. 
Such copper ribbon should usually 
be at least 0.01-inch thick to give 
.satisfactory loop quality. A fairly 
typical large console loop constructed 
of j;-inch wide flat copper ribbon 
0.01-inch thick showed Q measure¬ 
ments of 100 at 600 kc and 176 at 
1,400 kc, before the chassis was 
mounted in the cabinet. 

The choice of conductor for the 
primary winding of the transformer 
is more difficult. A tabulation of 
quality obtained in a nine-turn sole¬ 
noid such as would be used for the 
primary winding, wound on a 0.43- 
inch outside diameter Bakelite form 
through which was placed a 8-inch 
diameter iron core, is given in Ta¬ 
ble II. 

From this table it would appear 
that No, 28 F. (single coat of vinyl- 
acetal insulation) solid wire is a 
good conductor to use. However, 
there are other factors which must 
be taken into account. The primary 


Table I—Symbols Used in Text 


A : Area in square meters of 
antenna (Eq. 2) 

a : Algebraic factor, introdureU in 
Appendix II, a » (I -f* m)/m, 
see m 

E : Potential; El induced into loop 
antenna, Ea developed across grid 
of first tube 

k : Coefficient of coupling between 
transformer windings, see M 

I. ; Inductamx^; Ll of loop antenna, 
of transformer primary, Ln of 
transformer secondary, Lmq as 
given in Eq. 5 

\ : Wavelength in meters (Eq. 2) 

M : Mutual inductance between trans¬ 
former windings: M ■■ k(LrLBY^ 

ni : Ratio of transformer primary in¬ 
ductance to loop antenna induct¬ 
ance, m » Lp/Ll, introduced in 
Appendix I, value for maximum 
gain given in Fig. 2 

A : Number of turns in loop antenna 
(Eq. 2) 

Q : Quality; of loop antenna, of 
transformer primary, Qa of trans¬ 
former secondary, QmqB» given in 
Eq.4 

li : Kesistance; Ri, of loop antenna, 
Hr of transformer primary, Bh of 
transformer secondary, Bmq as 
given in Eq. 6 

V ; Vc»ltage picked up by loop in u field 
of one volt per meter (Eq. 2) 

For quantities not listed here, see 

Fig. 1, 4, and 5. 


winding being closely associated with 
the secondary, in order to obtain 
close coupling, causes a pronounced 
loss in quality due to eddy currents 
induced in the primary conductor. 

Due to the high cost of 20/44 or 
30/44 litz wire, a suitable compro¬ 
mise may often be found in some 
such size as 10/41 litz. It should be 
noted that conductor cross-sectional 
area is of importance in determin¬ 
ing inductor quality as well as the 
multistranding. Thus 10/41 litz will 
give better quality than 10/44, and 
7/41 litz is usually preferable to 
10/44 litz for the same reason, at 
least as far as the primary winding 
is concerned. 

We now have sufficient informa¬ 
tion to compare mathematically the 
performance of a low-impedgnce loop 
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with that of a high-impedance loop. 
In designing a receiver it was de¬ 
cided to change from an average¬ 
sized high-impedance loop mounted 
underneath the shelf of a console to 
a low-impedance loop mounted on a 
frame within the console cabinet. 
The frame was swiveled to allow 
some adjustment of position, but was 
only slightly smaller in area than the 
inside of the console. 

Voltage pickup of a high-imped- 
ance loop in a field of one volt per 
meter is given by' 

r-2ir NA/\ (2) 

The figure of merit of the loop is 
equal to Eq. 2 multiplied by the loop 
quality Ql» 

The high-impedance loop which 
had been used had an inductance of 
200 fxh (as determined by tracking 
considerations). Dimensions were 
10.6 by 8.5 inches, and there were 19 
turns. At 1,000 kc, 300 meters, the 
figure of merit, Eq. 2 times Q^, equals 
2.77. 

In the case of the low-impedance 
loop, the voltage pickup is obtained 
by Eq. 2 as before, but the figure of 
merit is this expression multiplied 
by the gain of the coupling trans¬ 
former given by Eq. 1. This gain is 
derived from known constants of the 
coupling transformer and the loop 
inductance. For this case where the 
equivalent inductance must remain 
200 fih because we will use the same 
tuning gang, and the antenna in¬ 
ductance will equal 8.4 /ih (the in¬ 
ductance of a two-turn loop whose 
dimensions are 21 by 30 inches), the 
gain is given by QaiLg^/Li)^ times 
the gain factor. For a k of 85 percent 
from curve (B) in Fig. 2 the gain 
factor is 0.246, and because Qm of the 
coil under consideration is 140 at 
1,000 kc, the gain is 168. The figure 
of merit, Eq. 2 time^ this gain, equals 
2.87. 

Thus we have improved the figure 
of merit of the pickup system al¬ 
though we had to increase the area 
from 0.058 square meters to 0.408 
square meters to do so. It is to be 
noted that a number of refinements 
such as spacing between turns of 
the loop and space factor* have been 
neglected, but results check reason¬ 
ably well with measurement. 


Table II—Quality oi Coil Ob¬ 
tained With Different Wires 


Wire Type 

Frequency in kc 


1,400 

1,000 

600 

7/41 litz 

65 

45 

35 

10/41 Utz 

73 

52 

40 

20/44 litz 

80 

53 

42 

30/44 litz 

100 

73 

57 

No. 34 F. 

45 

32 

25 

No. 28 F. 

67 

52 

45 


Appeadli I 

The equivalent circuit of Fig. 1 is 
as shown in Fig. 4A.* We are to find 
the ratio of Ee to the gain of the 
network. Let us lump Rl plus Rr 
and Rm into one equivalent resistance 
Rm§ which we shall place in the sec¬ 
ondary circuit as in Fig. 4B. 

By Th4venin's theorem we can 
write 


jfi _ <tf MEl _ 

* a,(Lt-f - AT + Af) 

« Afgt 
Ll Lp 
At resonance 

, MXl/{Ll -h Lp) 

/C • - B - 

iiwq 

MBl 

{Ll -H Lp)R§q 

And 


E 9 


1 ^ MEl 
fa C (Ll + Lp)Rwq 


Because at resonance the total in¬ 
ductive reactance as seen at the grid 
of the tube is equal to the capacitive 
reactance, we can replace l/u>C with 
aiL««, which is the combined react¬ 
ances of Lt, L^, and Ll when con¬ 
nected as shown. Thus 

» _ r W MBl 

E, X 

But a> Laq/Rg^ = and because M 


Derivation of Eq. 1, upon which the 
transformer design depends, is based 
on simple circuit theory. However, 
because the steps of the derivation 
indicate the function of the circuit 
and the limitations of the final design 
equation, the derivation is given. As 
will be recognized, the results are 
applicable to transformer couplings 
us^ in other applications than that 
considered here. 


= k(LpLa)^ we can write 

Bo ^ MQto 

Bl Ll -f“ Lp 
or 

ItL -t Lp 

Although this expression gives the 
gain of the coupling transformer, it 
does not clearly indicate the manner 
in which the transformer constants 
affect its gain. To convert this equa¬ 
tion into a more informative form 
we proceed as follows: 

The primary inductance will al¬ 
ways be dependent on the inductance 
of the antenna loop, so let us choose 
some arbitrary constant which will 
be the ratio of these inductances. In 
fact, it is the value of this ratio 
which gives maximum gain which we 
wish to find. Therefore, define Lp = 
mL/., then 

Gain - y ( 3 ) 

This equation is quite valid, but 
the equivalent quality is not directly 
known, although it can be measured 
by connecting a Q-meter across the 
secondary winding with the primary 
winding connected to the antenna 
loop. Also it will not be the value of 
the secondary inductance which will 
be known when a design is calculated, 
but the value of the equivalent in¬ 
ductance, because that is fixed by the 
value of the tuning capacitance and 
the required tuning range. There¬ 
fore this equation will be modified 
to an expression in terms of the 
equivalent inductance and the qual¬ 
ity of the secondary coil alone, for 



no* 4—<A) EqulvolMit chealt ei Fi«. 1 earn 
be farUier • l ai pU fl ed le that at (i) 
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these are the quantities which are 
usually known. 

In Appendix II the equivalent in¬ 
ductance is found to be 


Lm^ 


Lb 


1 -f m - mib* 
1 -f- fW 


In Appendix III the equivalent re¬ 
sistance is found to be 


Rbq 


Rb 


1 -h m -f 2mk* 
1 -f m 


From these results, and because 
^ iAJLaif/Rjuf and Q® = ouLh/Rm the 
equivalent quality is 


n - n 1 -i- w - 

Substituting into Eq. 3 this ex¬ 
pression for the equivalent quality 
and writing L« in terms of Lhq, we 
obtain the design equation 

Gain - kQBilMB/LLY'^ X 

lm{l + m - mife«)/(l -f X 
(1 -f m -f 2m]fc*)“* 


Apiieadlx II 

To determine the equivalent in¬ 
ductance of the coupling transformer 
and loop antenna we write from Fig. 
4B the inductance to the left of 
points A-B as 

(Ll -h - M)M 
Ll + Z^F - Af -f- Af 

This quantity can be simplified using 
the previously defined relation that 
Lr = mLi., and by defining (1 4- 
m)/m = a, and using the relation 
M = k(LpLa)^ to the expression 
akiLaLsY'*- k^La 
a 

The inductance to the right of 
points A-B in Fig. 4B is likewise 
simplified to the expression 
Lb - k{L,LB)^ 

Note that the mutual inductance be¬ 
tween points A and B has been con¬ 
sidered as a parallel branch of the 
inductance to the left of A-B. The 
total equivalent inductance across 
the tuning capacitance is the sum of 
these two inductances, thus 

r _ « ^(LfZh)* ^ — A*Z#j . 
hMB ■■ .. . ■ " -f 

L» - 


Substituting the expression 
for which a stands gives 

, , 1 + m — mib* 

Lbq * Lb T-rrZ — 


in m 


(5) 


Appeadii III 

Likewise, to determine the equiv¬ 
alent resistance of the coupling 
transformer and loop antenna we 
simplify the circuit of Fig. 4A to 
that of Fig. 5A. This simplification 
is done by considering such a circuit 
as that at Fig. 5B which we wish to 
replace with an equivalent series 
circuit. The impedance seen to the 
left of terminals C-D is 

juiLpjRc 4 * j<»fLo) 

Z^c 4" JitfLc 4* jpiLit 

The real terms are the only ones of 
interest at present because we wish 
to find an equivalent resistance for 
Ri., Call this equivalent resistance 
Rv\ then 

lie' - (Rci^LD^)/{R^ 4* <*»*Z,c* 4* 

2(t)*LcLD 

In the denominator, the Re term is 
small compared with the other terms, 
therefore the expression can be sim¬ 
plified to 



Because the circuits under discus¬ 
sion have reasonably high quality 
(Q>40), the inductances can be 
combined without regard to their 
resistances. Therefore we can re¬ 
place the circuit shown in Fig. 5B 
with the equivalent series circuit 
shown in Fig. 5C. In this manner we 
obtain the circuit of Fig. 6A. 

Assume that Ql equals Qr, then 
Rj^ — Rp/m and total primary resist¬ 
ance is Rp 4- Rp/m or /?,.(! -4 m)/m, 
which is the primary resistance 
of the circuit shown in Fig. 4A. The 
equivalent primary resistance for 
the circuit of Fig. 5A is 

p 1 4- m / M Y 
^ m \Zf4 -h Lp) 

Let us call this expression R,', and 
use the previously given relations 
(1 + m)m = «, wLl = Lr, and M — 
k{L,L,)* to simplify it to 


--ASI V. . . 

-HTur- i 


(A) 




e 

(B) 



«• 

(C.) 



FIG. 5—EquivaUnt r«tittonce U found 
from circuit at (A), which it dorirod from 
that at Flq. 4A by ttopt ihown horo at 
(B) and (C) 


R/ = Rp(1<*Lb/(iLp) 

Let us also assume that the com¬ 
bined quality of the loop and primary 
inductances is one half the quality of 
the secondary inductance. On the 
average this condition usually exists. 
The combined quality of loop and 
primary inductance will be desig¬ 
nated by Q/; then 2Q/=:Qg, or 
2t^Lp/Rp = ^Lb/Rb, so that we have 
Rp = ZLpRb/Lb^ which when substi¬ 
tuted into the foregoing gives 
, 2LpRb ^ k^lB 

Kp ■» ————— 

Lb ctLp 

If we add Rb to this value we obtain 
the total equivalent resistance which 
we were seeking, thus 

Rbq ■“ Rp* 4" Rb 
RB{2k^ -f a) 
a 

Substituting the expression in m for 
which QL stands gives 


Ri 


Rb 


1 + m 4- 2fnk'^ 


1 4* m 
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F-M and Television Receiving Antennas 


By 6E0R0E P. KEARSE 


Type of Anienoa; Length in Feet 
K C 

/•i* fmr fmt 


PLAIN 


ApproxL 

mete 

Terminal 


OIPOLE AND REFLECTOR 
PLAIN a 


FOLDED 


DIPOLE, REFLECTOR. AND 
DIRECTOR 
PLAIN > ^ 


h C C H 


FOLDED M 

bVV 


h- C -r c 


STACKED DIPOLES 

LAIN 



STACKED DIPOLES AND 
REFLECTORS ^ ^ 

PLAIN 



turnstile 


.-^.fOLOEO -i 


1 Radiation Pattarn | 

Eleotric, 
in Line with 
Radiator 

i Magnetic, 
Right Angles 
to Radiator 

Figure 

1 

of 


eight, 

bidirectional 

< '.ircuiar 

brftadside 
to clemcntH 


Uni- 

Half 

directional 

of 

broadside 

tigurr 

to radiator 

of 


eight 

1 III 

iiiiir 

din'i'liuittti 

of 

broadside 

fig.iri- 

to radiator 

of 


eight 

Figure 

Figure 

of 

of 

eight. 

eight. 

bidirectional 

bidirectional 

broadside 

broadiudr 

to 

to 

elements 

vlcmeiil.s 

( III- 

1 ’ni- 

directional 

dirnoiional 

broadside 

broadside 

Ui 

Ic 

eicmeiits 

eloTieotH 

Circular. 

Radiation 

Figure 

pattern 

of 

changes 

etgbt 

with 


frequency 



Gain over Dipole I 


Reoommamiad Peed Line, 
AppUoathm and Remark* 


PLAIN -75<ohm coaxial. FOLDED—.100-ohm 
twin-lead. IJae of twin-lead to feed plain dipole 
give* broadband operation but extreme lom in 
gain; not recommended 

General two*direetion coverage for rcoeiving in 
areas of moderate signal strength. Folded dipole 
slightly more broadbanded than plain. If 300- 
ohm twin-lead is used as radiator, do not shorten 
length A for propagation factor 

PLMN—50-ohni or 7.1-ohm coaxial; 7.1-ohm 
cable is more broadbanded. p-OLDED—300- 
ohm twin-lead 

Single-direction coverage, high front-to-back 
ratio and high gain. Recommended for use in 
areas of low signal strength and where single- 
direction radiation pattern is desired. Folded 
radiator slightly increase's Imndwidth. If array 
is to Ik* used over narrow hand, calculate length H 
at lowest freepiency deaired. Reducing C' to 
0.1.l X (in air) gives higher gain but lowers im¬ 
pedance and reduces bandwirlth 

PLAIN—50-ohm coaxial. If better impedance 
match is desired, use c|Marter-wave matching 
transformer; impedance of transformer should be 
square root of product of lint* and antenna im- 
pedances. FOLDED 75-ohm coaxial or 9.1- 
ohni twin coaxial 

Single-direotion coverage, high froiit-to-liack 
ratio and high gain. Very freqiiency-sensitive. 
Narrow bandwidth. Recommended for use in 
areas of very low signal strength and for one fre¬ 
quency only. Spacing is X/4; reducing ('. to 
0.15 X for reflector and 0 1 X for director (in air) 
increases gain but reduces impedance to 8 to 10 
ohms for plain and .10 to 10 ohms for folded di|>olp 

PLAIN—30-ohm coaxial. FOLDED -150-olim 
twin-IfNid. ()uarter-wavr matohiog transformer 
may be used for 300-ohm twin-lead if deaired, but 
will be frequency-sensitive 

High-gain array for use in areas of low signal 
I strength and where two-direction coverage is 
I needed. Useful over moderate frequency band. 
Value of B may be reduced to X/8<inair> if de¬ 
sired, with a reduction in gain 


PLAIN—30-ohm ooaxial cable. Quarter-wave 
I matching tranaformar may be uacd for betirr 
impedance match but will be frequency-sensiliva. 

I FOLDED —95-ohm twin ooaxial cable or 150-ohm 
I twin-lead 

High-gain array for nee in areas of low signal 
strength and where aincle-diraction coverage is 
deaired. Useful over relatively narrow band. 
Value of C may be reduoed to 0. IS X (in air) with 
an inoreaae in gain. Value of Impedance will he 
lower and array will be more fraqueocy-aeoaitive. 
Value of D may be reduced to X/R (in air) if 
dsalrad, with a reduction in gain 

PLAIN—30-ohm ooaxial cable FOLDED— 
130-ohm twin-lead 

Omnidireetional oovarage for uaa in araaa of high 
I aignal atrengUi. Low gain. Very fraqueney- 
aamdUve; mdiatioa pattern approxlasatM dipole 
patlam rotetad 4S* from asto of altliar dipole 
whoa opaiatad off fraquaiiey. With this array, 
two dip^ ata oonnooled togathar with a qaartar^ 
wava phMtat aaoUon of TS-ohm ooanal oRbla Cor 

I AhMAil fifsr ^algi^l 

dipolML loagih of phadhki aaalloa bmnR bo cor- 
: fiotad to r nro pagaP o a oooa t oot of Haaoaed 
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F-M Antenna Coupler 

An f-m antenna at the top of a base-insulated tower 
used as an a-m radiator is fed through a concentric 
line without short-circuiting the tower. The coupling 
unit which accomplishes this is described in detail 

By JOHN P. TAYLOR 


W HEN an f-m antenna is 
mounted on a tower which is 
used as an a-m antenna it is neces¬ 
sary to provide an f-m coupling 
unit at the base of the tower. If 
the tower is of the insulated type, 
this coupling unit has two func¬ 
tions. The first of these functions 
is to pass the f-m feed line around 
the tower insulator without short- 
circuiting the latter at the a-m fre¬ 
quency. The second function of the 
coupling unit is to prevent r-f en¬ 
ergy at the a-m frequency from 
passing back down the f-m feed line 
into the f-m transmitter and caus¬ 
ing crosstalk at the f-m frequency. 
If the a-m tower is of the grounded 
type only the latter function is in¬ 
volved. 

Various circuits suitable for use 
in f-m coupling units have been 
proposed. In a particular case, the 
circuit used depends largely upon 
the size and availability of the re¬ 
quired components. This, in turn, 
depends chiefly upon the voltage 
across the tower insulator at the 
a-m frequency. Thus it is not pos¬ 
sible to design an f-m coupling unit 
which will satisfactorily meet the 
requirements of all installations, 
any more than it would be possible 
to develop a universal a-m coup¬ 
ling unit. However, the fundamen¬ 
tal problem is the same in all cases, 
and some useful ideas on the best 
method of solving it can be ob¬ 
tained by studying t 3 rpical installa¬ 
tions. One of these, the f-m coup¬ 
ling unit at WBRL, Baton Rouge, 
will be described here. 

The f-m antenna of WBRL' is 
mounted on the top of a 500-ft in¬ 
sulated, self-supporting tower 
which is the central tower of the 
three-tower directive antenna array 



FIG. 1—To ovoid short-circuiting tho 
boso-insulotod o-m lowor ond to pro- 
vont o-m powor from looding bock into 
tho 1-m tronsmittor on l-m coupling unit 
is usod. In this instance it is mounted 
odjocent to on o-m coupling unit ot the 
base of the tower 



FIG. 2—Brooking the concentric t-m an¬ 
tenna feeder ond inserting circuits reso- 
nont ot the o-m frequency provides 
isohition ot the o-m frequency 

of a-m station WJBO. The latter 
operates at 5 kw on a frequency of 
1180 kc. At this frequency the 
tower is approximately a half wave¬ 
length high. Thus for daytime op¬ 
eration (non-directive) when 
power is fed to this one tower only, 
the base impedance is quite high. 
The f-m coupling unit must oper¬ 
ate satisfactorily for this condi¬ 


tion, as well as for the condition of 
nighttime operation (directional) 
when all three towers are used. 

Tho Coupling Problom 

The f-m coupling unit is located 
adjacent to the a-m coupling unit 
at the base of the tower, as shown 
in Fig. 1. The line from the f-m 
coupling unit back to the f-m trans¬ 
mitter in the station building is a 
concentric line with its outer con¬ 
ductor grounded. If the outer con¬ 
ductor of the part of the f-m line 
running from the f-m coupling 
unit to the tower were also 
grounded, the tower insulator 
would be short-circuited. The 
first step, therefore, is to 
break both the outer and inner 
conductors of the concentric line 
and insert blocking circuits as 
shown in Fig. 2. Here, L, and C, 
form a parallel-resonant circuit 
tuned to present a very high im¬ 
pedance at the a-m frequency. Com¬ 
ponents Lj and C, perform a similar 
function. 

At the f-m frequency, the block¬ 
ing circuits have a lower but not 
entirely negligible value of imped¬ 
ance which it is desirable to bypass. 
To do this, concentric lines Si and 
Sa are connected across these cir¬ 
cuits as shown in Fig. 3. These 
open-ended lines present extremely 
low-impedances at their near ends 
when tuned to 1-wavelength at the 
f-m frequency and therefore, pro¬ 
vide the required bypassing. Inso¬ 
far as the a-m frequency is con¬ 
cerned, lines Si and S. simply repre¬ 
sent small capacitances in parallel 
with Cl and C% and can be lumped 
in with these in the tuning opera¬ 
tion. 

Only one more element is needed 
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FIG. 3—Op*ii*«nd»d eoncMitiic Ubm Sj 
and Sg proTidn a low-lmpadoncn path 
lor th« l-m powor 


FIG. 4— In th« final l-m coupUr circuit quortnr worn Inngth linn Sa it oddnd in 
ordtr to olloctiToly ground tho lowor ond of circuit C^Li with rotpoct to a-m 
power. Thit line it thorted at Itt far end 


to complete the f-m coupling ar¬ 
rangement, namely, the addition of 
a grounding line S.,, as shown in 
Fig. 4. This is a quarter-wave¬ 
length of concentric line shorted at 
the far end. Such a line presents an 
infinite impedance at the near end. 
Thus, when the outer conductor of 
line Sii is grounded and the inner 
conductor connected to the bottom 
of LiCt there is no short-circuit 
with respect to f-m transmission. 
At the a-m frequency, however, this 
length of concentric line is rela¬ 
tively very short and, therefore, the 
bottom of LiC, is effectively 
grounded at a-m frequency. This 
makes the blocking action of the 
circuit L,Ct much more effective. 

CMstractieg of the Coopliog Unit 

The components of the f-m coup¬ 
ling circuit are grouped on a base¬ 
board which is approximately li-ft 
wide and 6-ft long. This assembly 
is mounted on the wall inside a 
doghouse adjacent to the a-m coup¬ 
ling unit. 

The J-inch concentric line from 
the f-m transmitter, which is lo¬ 
cated in the transmitter house some 
300 ft away crosses the ceiling of 
the doghouse at an angle and en¬ 
ters the f-m coupling unit at the 
top. The i-inch concentric line to 
the f-m antenna leaves the unit on 
the right side near the top and 
passes out of the doghouse through 
a glass bowl insulator. This insu¬ 
lator is the same type as that 
through which passes the i-inch 
copper pipe that forms the a-m 
antenna feed line. 


Outside, f-m and a-m lines run 
side by side to the lowest brace of 
the tower. At tower, the pipe which 
forms the a-m line is solidly at¬ 
tached, while the f-m line continues 
on up the side of the tower. 

Capacitors C, and C, are Type 77 
Faradons. Inductances L, and L» 
consist of 53 turns of No. 12 solid 
wire, tapped every second turn. The 
three quarter-wave lines extend 
down along the baseboard. Since 
the outer conductors of two of these 
(S, and S,i) are grounded anyway, 
these two are mounted directly on 
the board. The third (S,) is above 
ground, hence is mounted on insu¬ 
lators. 

Tuning of the coupling circuits 
is a two-step process, since adjust¬ 
ments must be found that permit 
the network to operate as required 
at both the a-m and f-m frequen¬ 
cies. Since the length of the lines 
Si and Sj affects the a-m tuning as 
well as the f-m tuning, whereas the 
settings of L,C, and LtC, affect the 
a-m tuning only, it is necessary to 
make the f-m adjustment first. 

The procedure in tuning for the 
f-m frequency is as follows: A 10- 
watt crystal-controlled r-f gener¬ 
ator operating at the f-m fre¬ 
quency is connected to the input of 
the network where the line from the 
f-m transmitter normally connects. 
A 70-ohm load in series with an r-f 
milliameter is connected to the out¬ 
put of the network, where the line 
to the antenna is normally con¬ 
nected. The lengths of the lines Si 
and St are then varied until placing 


a direct short across the near end 
of either of these lines produces 
no change in the output-meter 
reading. The length of line Sj is 
next varied until connecting or dis¬ 
connecting this line from the net¬ 
work has no effect on the meter 
reading. In other words, all three 
lines are adjusted so that they act 
like quarter-wave lines electrically 
even though they are physically 
somewhat shorter than a quarter- 
wave due to end effects and the 
lumped capacitance of the end 
seals. With the adjustments thus 
made, the f-m energy passes 
through the coupling network with¬ 
out power loss and without causing 
reflections on the line. 

The procedure in tuning for the 
a-m frequency is as follows: First, 
the two parallel circuits L.C, and 
L^C, are adjusted approximately to 
resonance at the a-m frequency, us¬ 
ing a low power oscillator as a 
driving source. Second, the net¬ 
work is disconnected from the con¬ 
centric-line section feeding the an¬ 
tenna. The a-m transmitter is 
turned on, the a-m coupling circuit 
tuned and the a-m antenna current 
noted. Third, the outer conductor 
of the concentric line section run¬ 
ning up the tower is reconnected 
and the change in the a-m anten¬ 
na-meter reading noted. By slight 
readjustment of the tap on a 
point is found at which making and 
breaking the connection to the outer 
conductor of the line has no effect 
on the reading of the a-m aatenM 
meter. Fourth, the inner eondne^ 
tor of the eoneentrie line runaiiig 
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up the tower is reconnected to the 
network and L, is adjusted until 
connecting and reconnecting has 
no effect on the a-m meter reading. 
When this is achieved the f-m line 
has no effect on a-m operations. 

As a final check on the operation 
of the WBRL coupling unit, two 
types of field tests were made. The 


field intensity of the a-m station, 
WJBO, was carefully measured, us¬ 
ing an RCA 808-A Field Intensity 
Meter, at several points—both with 
and without the f-m network con¬ 
nected to the tower. No difference 
could be noted. Also, extended ob¬ 
servations of both the a-m and f-m 
signals were made, with high modu¬ 


lation and low modulation levels, 
using a high-quality receiver. No 
trace of cross-talk or cross-modu¬ 
lation was noted. 
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Triplex Antenna for Television and F-M 

Method of using a single four-bay Superturn stile antenna for simultaneous operation of 
an f-m transmitter and visual and aural transmitters of a television station, with power 
gain of 6.4 for f-m and 5 for television. Coupling between transmitters is negligible 


T he television and f-ni trans- 
milters of the National Broad- 
casting Company radio stations 
WNBW and WRC-FM at Washing¬ 
ton operate simultaneously into the 
same Superturnstile antenna sys¬ 
tem. This results in a considerable 
saving in the si^e of the antenna 
and in the cost of the supporting 
tower. The full power gain of the 
antenna is realized for each service, 
hence no increase in transmitter 
power is required for this kind of 
antenna operation. 

The quadrature feed to the Super¬ 
turnstile antenna makes possible 
the simultaneous or diplex opera¬ 
tion of the visual and aural signals 
from the television transmitter into 
the antenna. The Superturnstile an¬ 
tenna has an input impedance char¬ 
acteristic which is sufficiently broad 
for the f-m transmitter to be readily 
coupled in through a triplexing ar¬ 
rangement. 

SMparfvrattila Radiator Thaary 

The turnstile type of antenna 
consists of crossed pairs of radia¬ 
tors. each being approximately a 
half-wave in length. The pairs are 
mounted at 90 degrees as in Fig. 
1 and fed in quadrature with cur¬ 
rents that are equal in magnitude 
but 90 degrees apart in phase. 

The field in any direction from 
either of the radiators is approxi- 


By L. i. WOLF 

mately proportional to sin A, where 
A is the angle from the radiator. 
Thus, the maximum radiation from 
radiator E-W is transmitted in the 
north and south directions (where 
sin A is unity), while no field is 
transmitted from radiator N-S. 
Similarly, maximum radiation from 
radiator N-S is transmitted in the 
east and west directions, while none 
is transmitted east or west from 
ladiator E-W. 

In the northeast direction, the 
transmitted field is the resultant of 
radiation from both sets of radia¬ 
tors. Here sin A is 0.707 for each; 
these are added in 90 degrees quad¬ 
rature since the currents are in 
quadrature, so the resultant is 
unity. For 30 degrees and 60 de¬ 
grees the values added in quadra¬ 
ture are 0.5 and 0.866, again giving 
unity. Similarly, for other angles 
and other quadrants the radiated 
field is also close to unity. 

The ba£.ic ouperturnstile radiator 
consists of an open framework of 
steel rods and tubes, with dimen¬ 
sions as shown in Fig. 2. Two of 
these radiators mounted at right 
angles on a tubular supporting 
steel pole form a radiating system 
that has a pattern and gain equiva¬ 
lent to two parallel dipoles spaced a 
half wavelength apart. 

A pair of Superturnstile radia¬ 
tors may be considered as a 


large plane surface containing a 
slot. Figure 3 shows a fiat conduc¬ 
tor of large area, with a rectangular 
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slot approximately a half-wave long. 
A generator G applies a-c voltage 
having an instantaneous polarit>' 
(as shown by the plus and minus 
signs) to the two terminals. Set 
up along the sides of the slot, a 
voltage will have a magnitude as 
represented by the distance of the 
dotted lines from the sides of the 
slot. The ends of the slot will be 
at ground potential. Currents will 
flow in the plane surface with a 
magnitude and instantaneous direc¬ 
tion at the sides of the slot approxi¬ 
mately as shown by the arrows. 
These currents will flow on both 
sides of the plane surface and will 
radiate equally on each side. This 
condition will be unaffected by 
openings in the plane surface as 
long as these openings are small 
compared with a wavelength. 

Rodierfor Peed 

The radiators (Fig. 2) are 
mounted so that contact to the sup¬ 
porting pole is made at places of 
zero poxential, hence are attached 
directiy without the necessity of 
any sort of insi))iatOr. The feedline 
for a pair of radiators is brought 
from the pole onto the radiator 
over one of the two connecting 
brackets. At the center of the radia¬ 
tor, the feedline is brought around 
the pole, half way to the other radi¬ 
ator. The inner conductor connects 
to the other radiator through a 
cross-connection strap. Thus, with 
the outer conductor of the feedline 
connected to one radiator, and the 


inner conductor to the other radi¬ 
ator, a balanced feed results. The 
only insulation needed is that of the 
end seal on the end of the feedline. 

The antenna described has four 
identical Supertumstile radiator 
sections. With these, the television 
power gain is approximately 5, and 
the f-m power gain is approximately 
6.4 as compared to that of a half¬ 
wave dipole (without allowance for 
transmission line loss). The f-m 
gain is higher because the height in 
wavelengths is greater for fre¬ 
quency modulation thhn it is at the 
television frequency. 

Traasiaistloa Um 

The transmission line between 
transmitter room and antenna con¬ 
sists of a pair of 3i-inch, 61i-ohm 
coaxial lines designed with conduc¬ 
tors and insulators in accordance 
with RMA recommendations. Spe¬ 
cial design precautions have been 
taken to make certain that the 
lengths of line can be coupled in a 
satisfactory manner, and to elimi¬ 
nate electrical discontinuities at 
elbows and connections. 

The 20-foot lengths of line are 
supplied with flanges brazed in 
place. These flanges are bolted to¬ 
gether to join sections of line at 
installation, using O ring gaskets 
to keep the line pressure-tight. Dif¬ 
ferential expansion between the 
steel tower and the copper outer 
conductor of the transmission line 
is provided for by means of spring- 
hung tower brackets, which permit 
the line to expand and contract ver¬ 
tically. The line is secured at the 
top of the tower so that the expan¬ 
sion occurs entirely at the bottom 
of the tower. Differential expansion 
of the inner conductor with respect 
to the outer conductor is allowed 
for at each flanged connection; the 
inner conductor connector is of the 
push-type which allows the inner 
conductors to slide a slight amount 
as required. 

Electrical discontinuities are 
minimized as far as possible at 
bends by providing elbows with a 
radius which is large compared to 
the line diameter. 

Inasmuch as the E-W and N-S 


radiators of the antenna are fed 
in quadrature, the two transmission 
lines must be kept alike, so that the 
two lines will maintain at the an¬ 
tenna the correct phase relationship 
set up at the transmitter. This is 
accomplished by making the two 
lines identical as regards lengths of 
line sections and placement of el¬ 
bows. The quadrature phase rela¬ 
tionship is introduced at the di- 
plexer by making one line 90 de¬ 
grees longer than the other. 

Pressurization of the transmis¬ 
sion lines is maintained by an auto¬ 
matic dehydrator which keeps a 
small positive pressure of dry air 
on the line at all times. 

The diplexing unit consists of a 
Wheatstone bridge type of network 
which provides a means of feeding 
the visual and aural energy of the 
television transmitter into the an¬ 
tenna without detrimental cross¬ 
coupling effects. 
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Dlpl«x«r 

In the fundamental diplexing cir¬ 
cuit of Fig. 4A, the resistors rep¬ 
resent the loads due to the radia¬ 
tors N-S and E-W respectively. The 
visual power amplifier feeds push- 
pull to terminals T. The aural 
power amplifiers feeds via a sin¬ 
gle-ended line through reactances 
X to terminals T. The two transmit¬ 
ter sources are uncoupled from each 
other as long as the two loads and 
the two reactances are equal re¬ 
spectively. Thus, no cross-feed be¬ 
tween transmitter sources will 
exist, even for modulation sideband 
components which are nearly iden¬ 
tical in frequency. 

The physical realization of the 
bridge circuit is indicated in Fig. 
4B. Each connection line repre¬ 
sents the inner conductor of a co¬ 
axial transmission line. The outer 
conductors are not shown except 
for the cylindrical balun sleeve on 
the connection to the visual trans¬ 
mitter. The visual transmitter feed 
is single-ended, hence is changed to 
a double-ended feed by means of 
this balun. The visual feed is push- 
pull at terminals T, whereas the 
aural feed is push-push at these 
same terminals. Loop L represents 
the extra quarter-wavelength of 
line that provides the quadrature 
feed of the E-W radiators with re¬ 
spect to the N-S radiators. 

Elements X are transmission 
lines which are each a quarter-wave 
long at the midvisual frequency, 
which totals a half-wave in length. 
This length of a half-wave on ter- 
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minala T shunts a high impedance 
across the visual input circuit. Con¬ 
versely, terminals T are at the same 
potential with reference to each 
other at the aural frequency, hence 
no aural power can couple into the 
visual transmitter input. 

This bridge-type circuit is partic¬ 
ularly useful for coupling the visual 
and aural power amplifiers since 
the transmitter frequencies are 
quite close together. The reactance 
of the circuit elements changes very 
little from one frequency to the 
other, hence has no serious detun¬ 
ing effect on either power amplifier 

Triploxiiig Sytfom 

The triplexing unit allows the 
power from the f-m transmitter to 
be coupled onto the line to the an¬ 
tenna, with the correct phase re¬ 
lationships, without cross-coupling 
to the television transmitter. Since 
the television and f-m frequencies 
are separated by a greater percent¬ 
age than are television visual and 
aural frequencies, frequency-selec¬ 
tive circuits are used in the tri¬ 
plexer. 

Figure 5 illustrates the funda¬ 
mental triplexing circuits used. The 
television transmitter TV feeds the 
antenna load directly as in Fig. 5A, 
with two half-wave circuits H, con¬ 
nected to the main line through 
two quarter-wave circuits q which 
are separated a quarter-wave apart 
along the main line. Each branch 
(consisting of an H and a q in 
series) is three-quarter-wave long, 
hence presents a high impedance 
to the main line. The characteris¬ 
tic impedance of these branch line 
elements is chosen so that this high 
impedance is presented to the main 
line over a band which is at least 
six megacycles wide. 

The circuits associated with the 
f-m transmitter are added as in 
Fig. 5B. Circuits H are extended 
by stub sections h. The lower h 
stub is adjusted so that the combi¬ 
nation of reactances presents a low 
impedance, or short-circuit at ter¬ 
minal 4 $ at the frequency of trans> 
mitter The upper h stub is 

adjusted so that the input imped¬ 
ance, looking to the antenna from 


F-Af, is also matched at the f-m fre¬ 
quency. The voltage magnitudes un¬ 
der this condition are represented 
by the dotted lines. 

Comblaed Diplex and Triplax Syttam 

In the complete system as used at 
stations WNBW and WRC-FM, a 
four-section Superturnstile antenna 
is used as shown diagrammatically 
in Fig. 6. The E-W and N-S radia¬ 
tors are fed from junction boxes 
JB. The feedlines from the junc¬ 
tion boxes are all the same length, 
so the radiators will all be fed in 
phase. Each junction box assem¬ 
bly contains a series line trans¬ 
former, to match the 61i-ohm trans¬ 
mission line to the impedance of the 
four feedlines in parallel. 

The twin transmission lines go¬ 
ing down the tower are equal in 
length between the junction boxes 
and the triplexer so the phase rela¬ 
tionship between lines, as estab¬ 
lished at the transmitter, will be 
maintained at the antenna. The 
lines are carefully installed so that 
the elbows in the two lines are 
equally spaced from the triplexer. 

The triplexer is located in the 
transmitter room, with the two 
transmission lines passing through 
it to the diplexer. The internal cir- 
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cuit of the triplexer consists of 
matched pairs of transmission line 
elements. 

The f-m feed into the triplexer 
divides as shown, with one side go¬ 
ing through a phasing loop. This 
loop is a quarter-wavelength at 
the f-m frequency and provides the 
correct quadrature phase required 
to give a circular pattern from the 
turnstile antenna. Only the f-m 
feed is through this loop; the quad¬ 
rature loop for television is sepa¬ 
rate. This arrangement provides 
a convenient method of maintaining 
the correct quadrature feeds for the 
two systems, even though the fre¬ 


quencies are different. 

The diplexer terminates the two 
separate antenna transmission 
lines. One line between triplexer 
and diplexer is made a quarter- 
wave longer than the other at the 
television frequency. This quadra¬ 
ture length is separate from the f-m 
loop, hence sets the correct phase 
relationship for television independ¬ 
ently of the f-m requirement. 

The diplexer contains the visual 
input circuit, consisting of a single- 
ended circuit with a balun to con¬ 
vert to double-ended feed. The 
balun is suitably compensated to be 
broad-band so that it does not in¬ 


troduce any appreciable discontinu¬ 
ity over the television channel. The 
aural input circuit is single-ended 
and connects to a point where no 
visual voltage exists, so there is 
negligible coupling between visual 
and aural power amplifiers. 

Acknowledgement is made to the 
members of the Television Broad¬ 
cast Antenna Group of RCA Victor 
Division, who not only designed 
this equipment but also made it 
work, and to the engineers of the 
Radio Facilities Group of the Na¬ 
tional Broadcasting Company, who 
bore the brunt of getting the first 
equipment installed. 


Cooperative Two-Stotion Antenna System 


A Broadcast Station that is 
probably unique has just been com¬ 
pleted by Canadian Marconi Com¬ 
pany at Sherbrooke, Quebec. It is, 
in fact, a combination of two sta- 
tiona-^CHLT and CRTS. 

CHLT has been operated by the 
French-language daily newspaper. 
La Tribune, on 1,240 kc« An asso¬ 
ciated English-language weekly 
paper, the Sherbrooke Telegraph 
has now taken over this station and 
the call letters have been changed 
to CRTS. The La Tribune, still re¬ 
taining its call letters—CHLT— 
has expanded to 1,000 watts and 
moved along the dial to 900 kc. 

The original CHLT studio has 
been dispensed with and modern 
combined studios have been con¬ 
structed for the two stations. Each 
station has its own control room 
facing the main studio with a mas¬ 
ter control room in between. Local 
programs and remote pickups are 
fed through the master control 
room and thence to either or both 
transmitters via the separate con¬ 
trol rooms. 

When CHLT was assigned its 
new frequency, it was with the pro¬ 
vision that two other stations on 
the same frequency be protected at 
night. Daytime operation could be 


By LINDSAY McMANUS 

at 1,000 watts, omnidirectional, but 
it was necessary to change to direc¬ 
tional operation at sunset. 

Common Anfonno System 

It was desirable to use the exist¬ 
ing transmitter building for the 
two transmitters, having them and 
their associated audio and monitor¬ 
ing equipment in the same room, 
and to use the same antenna sys¬ 
tem for both stations. These plans 
presented problems in meeting all 
requirements and regulations and 
particularly to avoid any inter¬ 
action or cross modulation through¬ 
out the entire audio and radio 
frequency circuits. Adequate 
shielding of audio components and 
lines would take care of this sec¬ 
tion, but r-f interaction between 
the two transmitters in the same 
room and using a common antenna 
could not be so easily avoided. 

A new ground system for a two- 
tow’er array was put in and a new 
196-foot guyed tower was erected. 
The existing tower of the same 
height was moved to a new location 
to form the directional array. The 
towers were spaced 120 degrees 
apart at 900 kc, and it was decided 
that the desired directional pattern 
could be obtained by a phase differ¬ 


ence of plus 141 degrees with a 
1.3 to 1 current ratio in the towers. 
During the entire process of in¬ 
stalling the new ground system, 
new antenna and shifting of the 
existing antenna, the transmitter 
on 1,240 kc continued daily opera¬ 
tion without interruption. 

Precise measurements were made 
of the self and mutual impedances 
of the new array and from these 
measurements the operating im¬ 
pedances were calculated. Im¬ 
pedances of the various units and 
tower lighting transformers were 
measured and included in the calcu¬ 
lations and the network component 
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values were set up. Three condi¬ 
tions had to be satisfied simul¬ 
taneously for the directional pat¬ 
tern; proper matching to coaxial 
lines, correct current ratio between 
the towers and the desired elec¬ 
trical separation between the 
currents. Any one improper con¬ 
dition would throw the others out. 

For instance, the self impedance 
of tower 2 changed radically when 
the phase difference between tow¬ 
ers changed and if the phase differ¬ 
ence were not correct the current 
ratio could not be obtained and the 
coaxial lines would also be mis¬ 
matched. Only by precise measure¬ 
ments and careful setting up of the 
tuning unit components by r-f 
bridge method could the system be 
properly adjusted. The final ar¬ 
rangement of the various units is 
shown in Fig. 1. 

Circuit Arrongumcnt 

Tower 1 is used during the day¬ 
time for both transmitters. CKTS, 
the 1,240-kc, 250-watt station is fed 
to this tower through a coaxial gas* 
filled line, a 1,240-kc antenna tun¬ 
ing unit (ATUl in diagram) and 
a rejector unit. The rejector unit is 
resonated at 900 kc to prevent feed¬ 
back into the 1,240-kc line from 
the 900-kc circuit. CHLT, the 900- 
kc, 1,000-watt station, is fed to the 
same tower by a coaxial gas-filled 
line, a 900-kc antenna tuning unit 
(ATU2), and a rejector unit which 
is resonated at 1,240 kc to prevent 
this frequency from feeding back 
into the 900-kc circuit. Tower 2 
also has a 1,240-kc rejector unit 
and the tower is detuned during 
the daytime to prevent radiation. 

At sunset, a changeover is made 
at the control unit on the desk at 


the transmitter building and tower 
2 is brought into the 900-kc circuit. 
This is accomplished by two relays 
at Tower 1 which change taps on 
ATU2, disconnect the detuning cir¬ 
cuit of tower 2, and also put this 
tower in the circuit through a phas¬ 
ing unit. The phasing unit matches 
this junction to the coaxial line 
running to tower 2, where antenna 
tuning unit ATU8 matches the line 
to the tower through the 1,240-kc 
rejector unit. 

Power Division 

In the 900-kc circuit at tower 1, 
phase changes through the antenna 
tuning and phasing units cancel 
each other. The 120-degree coaxial 
line between towers causes a phase 
shift of —130 degrees and ATU3 is 
tuned to shift the phase another 
—89 degrees. This provides the 
total of —219 or +141 degrees 
phase difference required. 

The setting of the 1.3 to 1 cur¬ 
rent ratio between the towers is 
accomplished at the junction of 
ATU2 and the phasing unit at 
tower 1. From the calculated direc¬ 
tional operating resistances of the 
towers, the power required in each 
tower for correct current was 
found. The necessary power divi¬ 
sion to produce these currents is 
made at the junction by matching 
ATU2 to tower 1 and the phasing 
unit to the inter-tower coaxial line 
so that their parallel input im¬ 
pedances correctly divide the power 
and also match the surge impedance 
of the coaxial line to the trans¬ 
mitter. 

Operofion 

In changing from one-tower 
omnidirectional operation to two- 
tower directional, the shift is made 


at sunset in approximately one 
second during a station break for 
identification. The tuning units at 
the towers are so adjusted that the 
coaxial line impedances at the 
transmitter for the two modes of 
operation are identical and no 
transmitter adjustment or retun¬ 
ing is necessary. 

As a visual check on the shape of 
the night pattern, two field indica¬ 
tors have been installed. These 
consist of small receivers, contain¬ 
ing a diode rectifier and d-c ampli¬ 
fier, set up in the field about 400 
feet from the towers, one on each 
side of a low signal zone. The units 
are mounted on posts and are 
powered by a 110-volt a-c line. The 
output of each unit is taken by 
cable to d-c microammeters in the 
control unit on the desk at the 
transmitter building. Changes in 
the reading of the meters outside 
of a predetermined operating toler¬ 
ance indicate to the operator that 
the pattern shape has altered. 
Cables also carry the antenna cur¬ 
rents to remote meters in the desk 
control unit and provide a constant 
check on the currents in the towers 
for both transmitters. 

To uncover any signs of inter¬ 
action between the two stations, 
various tests were carried out. It 
was found that any switching on 
or off of one transmitter in no way 
affected the meter readings or field 
inten^ty of the other. Either car¬ 
rier, fully modulated, did not af¬ 
fect the unmodulated carrier of the 
other transmitter and no signs of 
cross modulation could be detected 
with both stations fully modulated 
with individual or similar pro¬ 
grams. 


Clip-on Antenna Meter 


In the Los Angeles repair and 
installation shops of the Highway 
Patrol, California Department of 
Motor Vehicles, senior radio techni¬ 
cian H. A. Holcomb has put to¬ 
gether a useful antenna meter for 
a quick check on the output of 
80-watt Motorola transmitters, of 


which the patrol uses almost 450. 

Illustrated herewith, the unit 
comprises a small piece of Lucite 
sheet with a model 607 Weston 
thennogalvanometer, two large bat¬ 
tery clips and a 60 /ifif mica capaci¬ 
tor. The current-squared meter 
has a resistance of 5.2 ohms and its 


readings are used arbitrarily. 

The meter is connected in series 
with the capacitor, which is placed 
between the instrument and the 
upper clip. The unit is simply 
clipped onto the whip antenna with 
the lower clip in contact with the 
compression nut at the bottom of 
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the whip. A reading of 60 on the 
scale is taken to indicate a normally 
operating transmitter. A midscale 
value was chosen by manipulation 
of the distance between the two 
clips. A spacing of li-inch worked 
out correctly for the particular 
combination of units. 

The same unit is used for deter¬ 
mining the output of 6-watt motor¬ 
cycle transmitters whose power is 
too low to actuate the meter in its 
standard form. A special clip lead 


is attached to the meter side of the 
capacitor and clipped to the antenna 
at a point determined by Its ex¬ 
treme length to produce a similar 
reading on the instrument. 

The last, and perhaps most im¬ 
portant feature of the unit is the 
small hook at the lower left. On 
this hook the serviceman places the 
ignition keys of the radio car to 
prevent it from being driven away 
with the tester still attached to the 
antenna. 


Slotted-Cylinder Antenna 

Simple mechanical construction, easily obtained vertical directivity, and horizontal polari¬ 
zation make the slotted-cylinder antenna ideal for f-m and television transmission and 
reception. Directivity and impedance characteristics for designing arrays are presented 

By E. C. JORDAN and W. E. MILLER 


S LOT ANTENNAS have been suc¬ 
cessfully used on high speed 
aircraft to establish electric cur¬ 
rents on outside surfaces of the 
metallic airplane structure and so 
make the aircraft itself the radia¬ 
tor. Examination of the charac¬ 
teristics of slot radiators shows 
that they possess properties that 
make them useful in many other 
applications as well. 

In such applications a particu¬ 
larly useful form of the radiator 
is a slot cut lengthwise in a long, 
narrow, hollow cylinder. The first 
reference in the literature to this 
form of radiator appeared several 
years ago\ It proposed the use of 
a slit cylinder to guide or radiate 
electromagnetic waves. Slot radia¬ 
tors of one form or another have 
already founcUcommercial applica¬ 
tion in frequency modulation* and 
television*. 

It is the purpose of this article 
to discuss some general properties 
of slot-in-cylinder radiators and to 
present radiation patterns and 
impedance curves that should en¬ 
able engineers to determine the 
suitability of these antennas for 


applications in which they may be 
interested. 

Figure 1 shows the vertical and 
horizontal radiation patterns of a 
three-quarter wavelength slot cut 
in a vertical cylinder. For com¬ 
parison, the vertical pattern of a 
half-wave dipole is also shown. For 
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equal lengths, the vertical slot and 
vertical dipole have practically the 
same vertical radiation patterns. 
Length of the cylinder itself has no 
noticeable effect on the pattern. It 
must be long enough to accommo¬ 
date the slot, but can be any con¬ 
venient length longer. The 
horizontal pattern of the vertical 
slot-in-cylinder is dependent upon 
the diameter of the cylinder. In 
general, radiated field intensity is 
greater on the side on which the 
slot is located than it is on the 
opposite side of the cylinder. How¬ 
ever, for cylinder diameters of 
about one-tenth wavelength or leas, 
radiation in the horizontal plane 
is essentially uniform. 

The radiation pattern of a slot in 
a narrow cylinder is almost the 
same as that of the corresponding 
length dipole, but with one im¬ 
portant difference: the electric field 
produced by a vertical dipole is 
vertically polarized whereas that 
produced by a vertical slot is 
horizontally polarized. Because 
horizontal polarization is used for 
both frequency modulation and 
television, the slot-in-cylinder pos¬ 
sesses considerable advantage over 
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construction Is simplo. Slots aro led Irom 
a transmission line inside the slotted 
cylinder 

the ordinary dipole in these appli¬ 
cations. A vertical slot has the 
desired vertical directivity with 
nearly uniform radiation in the 
horizontal plane and, in addition, 
has the correct polarization for f-m 
and television broadcasting. 

When greater vertical directivity 
is desired, it can be obtained by 
stacking slots vertically as illus¬ 
trated in Fig. 2. Because each 
unit of the array (that is, each 
slot) has considerable vertical di¬ 
rectivity by itself and therefore 
radiation from any one element 
does not interact to a considerable 
extent with that from other ele¬ 
ments, it is possible to space the 
units a wavelength apart without 
producing unduly large secondary 
lobes. Directivity of any array is 
proportional to its overall length; 
so when large spacing between 
units is permissible it is possible 
to have a long, and hence a highly 
directive, array without requiring 
an excessive number of units, 
simplifying feeding problems. The 
array of Fig. 2 has four slots, each 
three-quarters of a wavelength 
long, and spaced one wavelength 
eenter-to-center. When longer 
slots are used, larger vertical sepa¬ 


rations are permissible. 

In Fig. 3 there are shown the 
measured vertical and horizontal 
patterns of the four-element array. 
Vertical directivity is very sharp 
and it is seen that most of the 
power is radiated within a few 
degrees of the horizontal. The 
excellent agreement between meas¬ 
ured and theoretical patterns indi¬ 
cates that predicted gains can be 
closely attained in practice. In 
Fig. 3B there is also shown the 
relative field intensity in the hori¬ 
zontal direction produced by a pair 
of horizontal crossed half-wave 
dipoles fed with the same power as 
the four-slot array. Figure 4 
shows the directed power gain of 
the slotted-cylinder array as a func¬ 
tion of the number of three-quarter 
wavelength slots, spaced one wave¬ 
length apart. The gain shown is 
referred to that of a single half¬ 
wave dipole. The gain over a pair 



FIG. 3 — (A) Tcrttcal. and (B) hoHsontal 
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of crossed dipoles (as would be re¬ 
quired to produce a uniform 
horizontal pattern with horizontal 
polarization) would be double that 
shown. The values given in Fig. 4 
represent the average gain in the 
horizontal direction. For a one- 
eighth wavelength diameter cylin¬ 
der, the horizontal pattern is not 
uniform and the actual gain is a 
little greater on the slot side of the 
cylinder and a little less on the side 
opposite the slots. 

In order to feed the slotted- 
cylinder antenna properly, it is 
necessary to know something of its 
impedance characteristics and how 


these characteristics vary with slot 
length and width, and cylinder 
diameter. Figure 5 shows resis¬ 
tance and reactance of a slotted 
cylinder as measured at the center 
of the slot. Impedance is shown 
as a function of slot length for 
various ratios of antenna diameter 
to wavelength. As cylinder diame¬ 
ter in wavelengths is made 
progressively smaller, the length 
of the slot required for resonance 
becomes very large, and there is a 
certain critical diameter below 
which resonance cannot be obtained 
at any slot length. For the par¬ 
ticular slot width used in this case, 
this critical diameter appears to be 
about 0.11 wavelength. It will be 
noticed that the resonant length 
(that is, the length for zero reac¬ 
tance) is very long for narrow 
diameter cylinders, but becomes 
smaller as the cylinder diameter 
increases. For larger diameter 
cylinders, second resonance points 
appear at slot lengths roughly 
double that for the first resonance. 
Resistance at this second resonant 
point Is comparatively low, being 
of the order of 40 ohms, while at 
the first resonant point it ranges 
between 300 and 1,000 ohms. The 
effect of greater slot width is to 
increase the length of slot required 
for resonance for a given cylinder 
diameter. 

Explanation of Operation 

There are two rather simple 
physical pictures which can be used 
to explain the operation of the slot- 
in-cylinder antenna. The first con- 



diipele. for an array timUar to that of 
Fig. 2 
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FIG. S—^For o slot nprmmnVtuq a fix^d froctloa ol ih« cylladM dlooMtor* r^soaont 
Impadonca iacraoim and moaoBt slot laagth opproochas a hoU wcrralaafth os 
cylladar dlcmatar Is lacrscnsd 


siders the edges of the slot as 
constituting a parallel-wire trans¬ 
mission line which is shorted at 
both ends. 

A voltage is applied across the 
transmission line (usually, but not 
necessarily, at the middle) and 
standing waves of voltage and cur¬ 
rent are set up along the line. Be¬ 
cause of the close spacing between 
the edges of the slot, transmission 
line currents would not be expected 
to radiate appreciably. However, 
the slot transmission line has con¬ 
nected to it the remainder of the 
cylinder which ^las a twofold effect. 

In the first place, the voltage 
across the slot causes currents to 
flow around the outside of the 
cylinder and these currents flowing 
in the circular path radiate appre¬ 
ciable amounts of power, the 
diameter of the path being a signi¬ 
ficant fraction of a wavelength. In 
addition, the cylinder acts as an 
inductive reactance shunted across 


the slot transmission line, and so 
modifies the phase velocity and 
hence the wavelength along the 
line. From transmission line theory 
it is known that inductive shunt 
loading will increase both phase 
velocity and wavelength, and so 
increase the line length required 
for resonance. If the loading is 
too great (that is, if shunt induc¬ 
tive reactance is too low) wave 
motion along the line ceases and 
the loaded line acts as an attenu¬ 
ating network. 

This simple picture serves to 
explain most of the characteristics 
of the impedance curves for nar¬ 
row cylinders. For larger diameter 
cylinders it is necessary to resort 
to waveguide theory for the second 
physical picture. The inside of the 
cylinder is a degenerate cylindrical 
waveguide. 

Within a waveguide the phase 
velocity and wavelength are always 
greater than the corresponding 


free-space quantities and the ratio 
of wavelength in the guide to free- 
space wavelength becomes very 
large as the diameter of the cylin¬ 
der decreases to the cutoff 
diameter. For completely closed 
cylindrical waveguides the cutoff 
diameter for the dominant mode 
is 0.586 times the wavelength, but 
when the cylinder has a slot in it, 
with the excitation applied across 
the slot, the cutoff diameter is very 
much less than this value. In this 
latter case the capacitance of the 
slot reduces the required diameter 
of guide in much the same way as 
the length of a transmission line 
section required for resonance is 
reduced by capacitive loading of 
the load to which it is connected. It 
is apparent that the greater the 
capacitive loading (that is, the 
narrower the slot) the smaller will 
be the cutoff diameter of the 
cylinder. 

With slot widths used in making 
the measurements shown, cutoff 
diameter was of the order of one- 
tenth wavelength. With narrower 
slots, or slots the sides of which 
overlap, cutoff diameter can be re¬ 
duced to one-thirtieth of a wave¬ 
length or less. 

Figure 6 shows the electric field 
intensity across the slot, measured 
for several cylinder diameters. For 
large diameters the distribution of 
electric intensity along the slot is 
closely sinusoidal with the distance 
between nodal points only slightly 
greater than the free-space half 
wavelength. However, as the cut¬ 
off diameter is approached the dis¬ 
tance between nodal points becomes 
relatively larger, attenuation with¬ 
in the guide increases and the 
distribution changes from sinu¬ 
soidal to exponential. Figure 7 
gives the ratio of wavelength in 
the guide to wavelength in free 
space for various cylinder diame¬ 
ters. From the curve or the field 
distributions on Fig. 6 one can 
determine the maximum slot length 
which can be used to give a single 
lobe in the radiation pattern. 
Figure 8 shows slot length required 
for first resonance as a function of 
cylinder diameter. 
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Methods of Food 

The slotted-cylinder antenna can 
be fed by either coaxial or parallel- 
wire transmission lines running up 
the inside of the cylinder. Both 
of these methods were used in 
obtaining the measurements shown. 

Choice between a single or double 
coaxial line or parallel-wire line 
feed depends upon convenience and 
impedance-matching possibilities. 

The impedance around the second 
resonant point is low, indicating 
coaxial-line feed in this region of 
operation. At the first resonant 
point the impedance is high and 
parallel-wire feed inside the cylin¬ 
der is preferable. However, lower 
impedances can be obtained by 
feeding the slot off-center. With 
an array of slots at one wavelength 
spacing, slot impedances are effec¬ 
tively in parallel and for a four- 
slot array operating at the first 
resonance, the input impedance of 
the transmission line is of the order 
of 100 ohms. 

It is evident from the discussion 
on theory of operation that large 
variations in impedance can be 
obtained by adjusting the effective 
capacitance across the slot. The 
effective slot capacitance will de¬ 
pend primarily on slot width, but 
will also depend somewhat on the 
thickness of the cylinder wall. For 
impedance curves shown, a cylinder 
wall thickness of approximately 1.5 
percent of the cylinder diameter 
was used. 

Bandwidth measurements on the 
slotted-cylinder antenna indicate 
bandwidths at the first resonance 
of between four and eight percent 
(between frequencies at which the 
standing-wave ratio on the feed 
line was two to one). The band- 
widths around the second resonance 

Remote Indicating Antenna Ammeter 

•y e. I. cox 

One of the FCC requirements re* antenna current be recorded in a standard broadcast installations 
lating to broadcast station opera- log book at intervals of one-half the antenna is located at a distance 
tion is that the magnitude of the hour. Since in the majority of of several hundred feet or more 
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FIG. 8—Deslga of slotted-crUader oateaao 
larolToi cbooalag cyllader diameter oad 
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points were not measured, but a 
study of the impedance curves indi¬ 
cates that they should be consider¬ 
ably wider than at the first 
resonance points. 


(1) Blumlein. A. D., High FreqiiPii^ 
El«ctricnl Conductor or Radiator, U. 8. 
Patent No. 2,288,770. April 15. 1941. 

(2) Alford, A., Antenna for F-M Station 
W(]hF, Communications, p 22, February 
1946. 

(8) Cotor TeleTlsion on Ultrshlgh Fre- 
luenciea, ElbctrORIcs, p 109, April 1946. 
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from the transmitter, some means 
of indicating the antenna current 
at the transmitter is highly desir¬ 
able. To fill this purpose, the type 
708 remote indicating antenna am¬ 
meter was developed by Andrew 
Company engineers. 

In designing the instrument, it 
was thought desirable to avoid the 
use of thermocouples, because of 
their susceptibility to lightning 
damage. While the occasional loss 
of a thermocouple due to lightning 
presents no problem to the owner 
of a broadcast station, the time 
spent in shutdown, while thermo¬ 
couples are being replaced, is very 
serious and expensive because it 
means loss of revenue to the station. 
Accordingly, the ammeter was de¬ 
signed on entirely electronic prin¬ 
ciples, and contains no thermo¬ 
couples. In several instances, re¬ 
mote ammeters of this type have 
withstood without damage a direct 
stroke on the tower, while in other 
instances the remote ammeter has 



Circuit el electronic antenna ammeter 
ler reading antenna current at the 
transmitter 


been burned to a crisp by lightning, 
but no loss of broadcasting time re¬ 
sulted. 

In the circuit shown, a current 
transformer with a primary consist¬ 
ing of a heavy copper rod and an 
electrostatically shielded secondary 
feeds a 1-V diode rectifier tube 


which actuates a d-c microammeter. 
The microammeter is calibrated in 
r-f amperes and provides an ap¬ 
proximately linear calibration be* 
cause the diode load resistance is 
made large in comparison to the 
tube impedance. An instrument of 
this type is not absolute and must be 
adjusted to agree with the regular 
thermocouple ammeter. FGC regu¬ 
lations provide that this adjustment 
must be made once a week. When 
not in use for calibrating purposes, 
the thermocouple may be switched 
out of the circuit. 

The time constant in the rectifier 
circuit is such that the instrument 
is essentially peak reading but this 
is much smaller than the period cor¬ 
responding to the highest modula¬ 
tion frequency. Thus, the indica¬ 
tion of the meter remains constant 
with amplitude modulation, pro¬ 
vided there is no carrier shift. In 
contrast, the reading of a thermo¬ 
couple ammeter increases with 
modulation. 


Transport Aircraft Antenna Characteristics 

Method of measuring the characteristics of aircraft antennas with a Q meter. Results of 
measurements on several types of aircraft transmitting antennas are presented 


T his discussion will be confined 
to methods and data taken 
from representative domestic trans¬ 
port aircraft equipped with anten¬ 
nas permanently attached above 
the fuselage. 

Two methods may be used for ob- 
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By E. F. KIERNAN 

taining antenna data. One involves 
an r-f bridge upon which values of 
resistance and reactance can be 
read directly. The bridges avail¬ 
able at present are not particularly 
adapted to aircraft antenna meas¬ 
urements. 


Q Matar MaoiMramaRfi 

The other measuring method util¬ 
izes the 0 meter, the data from 
which requires considerable com¬ 
putation to yield the desired con¬ 
stants. The data presented herein 
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Position and choractoristics of V antonna on Lockheed 14 
transport. The reacttee component of antenna impedance 
changes sign os the antenno passes through resonance 


is based on Q meter measurements. 

A Q meter consists essentially of 
a calibrated variable-frequency os¬ 
cillator capable of inserting a 
known voltage in series with a 
resonant circuit* and a vacuum- 
tube voltmeter which measures the 
voltage across the resonant circuit 
Then Q = E/e, where e is the in¬ 
serted voltage and E is the voltage 
read by the v-t voltmeter. By main¬ 
taining e constant the v-t voltmeter 
can be calibrated directly in Q val¬ 
ues. In the commercial instrument 
the components are housed in a# 


cabinet including an a-c power sup¬ 
ply, terminals, and a calibrated low- 
loss variable capacitor. Any suit¬ 
able coil may be connected across 
the terminals to form, together 
with this calibrated capacitor, a 
tuned circuit. The impedance to be 
measured is inserted in the tuned 
circuit either in series or in 
parallel with the coil. 

Two sets of readings are neces¬ 
sary: one to determine the imped¬ 
ance and Q of the coil, and one to 
determine the impedance and Q of 
the coil and unknown impedance to¬ 


gether. Calculations are then made 
to determine the impedance and Q 
of the unknown impedance alone. 

Measuring Aircraft Antenna 

Precautions are necessary when 
applying the Q meter to aircraft 
antenna measurements. The plane 
should be as far from metallic 
structures as practical. Grounding 
wires, such as are used during gas 
tank filling operations, should be 
disconnected to minimize the earth's 
effect on the antenna. For the same 
reason it is undesirable to use an 
a-c power line on the Q meter. A 
rotary converter supplied from the 
plane battery or a battery cart is 
required. 

A number of coils are needed de¬ 
pending upon the frequency spec¬ 
trum over which measurements are 
to be made. Several low-loss fixed 
capacitors may be needed to sup¬ 
plement the variable capacitor in 
the Q meter and to place in series 
with the antenna when the Q read¬ 
ings fall below those conveniently 
made on the Q meter. In these 
cases it is necessary to make addi¬ 
tional calculations to obtain the an¬ 
tenna reactance. It is necessary to 
exercise care in adjusting the Q 
meter when the antenna is in the 
vicinity of half-wave resonance, 
because the reactance and resis¬ 
tance values change rapidly in this 
region. 

Table I gives data concerning the 
top antenna on a Douglas DC-3, 
shown in Fig. 1. The data in the 
first seven columns was taken in 
the field; that in the last five was 
computed. 

The readings Cj and Q, are taken 
with the antenna disconnected from 
the Q meter; C, and Q* with the 
antenna connected. In the columns 
labelled C added, P indicates a paral¬ 
lel connection, and S a series con¬ 
nection. It should be noted that 
when using a series capacitor, if 
the value of C, — C, becomes larger 
than the series added capacitance, 
the antenna has become inductive. 
This also holds true when Ci be¬ 
comes larger than C,. The formulas 
used in conjunction with the data 
are as follows: 
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TABLE I. DATA QN 


Fr»q. 
in kc 

Cl 

C 

adOttf 

C; 

C 

added 

Qi 

2500 

443 

/>141 

290 

r141 

315 

3000 

406 


233 


347 

3600 

297 


82 


372 

4000 

226.5 


130 

d141 

392 

5000 

145 


92.6 

560 

424 

6000 

210 


194 

515 

224 

7000 

155 


134 

515 

233 

8000 

381 

/‘lOO 

390.5 

r105 

141 

9000 

377 


370 


145 

10000 

305 


266 


152 

11000 

252 


227.5 

5106 

160 

12000 

213 


188 

s60 

168 


DC-3 TOP ANTENNA 


<?* 

Ci-Ct 

Q,-Q, 

Qa 

Xa 

Ra 

120 

163 

195 

60.8 

•>J416 

8.06 

157 

173 

190 

122.0 

-J310 

2.5 

76 

216 

296 

69.2 

~J210 

3.03 

147 

96.5 

245 

100. 

~J130 

4.1 

148 

52.5 

276 

84. 

+130 

7.14 

189 

16 

38 

92.3 

+1110 

17.4 

107 

21 

126 

26.8 

+J430 

41.0 

89 

9.5 

52 

4.72 

+J2100 

446. 

86 

7.0 

60 

3.81 

-i2820 

693. 

76 

19.0 

78 

9.6 

~J810 

87. 

83 

24.5 

77 

17.1 

-<J460 

32.9 

92 

25.0 

76 

23.8 

-J260 

22. 


Cl (ft - ft) 

Xa - 1.69 X 10*//C., 

Ra - Xa/Qa 
Ca * Cl — Cl 

„ (Cl - Ci)Cf , . . , 

" C r +TCi - C.) c»l»c-t°r) 

Qa » antenna Q 
Xa ** antenna reactance in ohms 
Ra "■ antenna resietance (eifective), ohme 
/ » frequency in kilocycles 

Ca » antenna capacitance in utif 
Cm » series capacitance in 
Cl and Cl » reiuiing of variable capacitor 
in Q meter, in fitij 

The quantity (Cj — C*) is always 
taken as positive. 

Aircraft Antaaaa Practice 

It has become general practice to 
connect the aircraft antenna in 
series with the lumped C and L in 
the output circuit. Such an ar¬ 
rangement does away with coupling 
elements and allows a higher trans¬ 
fer efficiency. By providing a group 
of selectable fixed capacitors and a 
continuously variable inductor it is 
possible to reach resonance over a 
wide range of antenna constants. 
The system fails, however, at half¬ 
wave resonance where a slight 
change in the physical capacitance 
of the antenna may reflect a greatly 


magnified reactive component into 
the circuit. The simplest solution 
is to change the length of the an¬ 
tenna so as to shift the half-wave 
resonant condition away from the 
working frequency. The radiation 
efficiency of this extended tank cir¬ 
cuit becomes very low when the 
antenna is a small fraction of a 
quarter-wavelength. This condition 
is not encountered on domestic air 
transports operating between 3000 
and 6000 kc, but occurs on planes 
built for foreign service where 
bands between 300 and 600 kc are 
used. The short antenna becomes 


so highly reactive that voltages up 
to 30,000 volts may build up. Trail¬ 
ing antennas are then needed. 

Dvmoiy Aircraft Aotaaaa 

In addition to determining an¬ 
tenna characteristics at the vari¬ 
ous frequencies, an application of 
measurements such as these is in 
the design of dummy antennas. 
Such antennas are very useful 
when it is desired to bench-check 
transmitters under load conditions 
simulating those imposed by the 
aircraft antennas. 


Aircraft Antenna Pattern Plotter 


Technical details of technique in which an aircraft, its antennas, and the signal wavelength 
are reduced in identical ratio and microwave techniques utilized to obtain as many as 40 

complete radiation patterns per hour 


By OTTO H. 

P RACTICAL aircraft antennas are 
never deigned solely from 
theoretical first principles. In the 
frequency ranges where aircraft 
dimensions are comparable with 
radio wavelengths it is extremely 
difficult to predict accurately the 
radiation pattern which a particu¬ 
lar antenna installation will ex¬ 
hibit because the entire aircraft is 
actively a part of the antenna sys¬ 
tem. Only experimental measure¬ 
ments, therefore, will conclusively 


OHMITT a n 0 WILLI 

establish the actual performancs of 
a new antenna or the effectiveness 
of a familiar antenna in a new lo¬ 
cation. 

In the day of alow aircraft with 
antennas draped about the exterior 
of the plane it was feasible, al¬ 
though terribly expensive, to flight- 
test an antenna and rearrange it 
until satisfactory results were ob¬ 
tained. The advent of high air¬ 
speed has required enclosure of an¬ 
tennas in the general streamlined 


M P. PEYSER 

structure of the aircraft. It is, 
therefore, imperative that the po¬ 
sition and size of all antennas be 
established while the aircraft is still 
on the drafting board and, conse¬ 
quently, before flight tests can pos¬ 
sibly made. 

A mockup of the aircraft could 
obviously be used for test purposes, 
but it would have to be suspended 
well above the ground to simulate 
flight conditions, and would be 
clumsy to maneuver. Modem mi- 



ANTENNAS 


35 



FIG. 1—Block dlogram ol comploto aju- 
tom for mooturiBg cdrcrcdt ontoima rodia* 
tloB pottomo In minloturo 


crowave techniques, however, make 
it possible to conduct the experi¬ 
mental measurements in miniature. 

Scolo-Modol TosH 

By reducing the aircraft, its an¬ 
tennas, and the wavelength of the 
radio signals in identical ratio all 
the geometrical properties of the 
full-scale system are preserved, 
and it becomes possible to make 
measurements on aircraft models 
no larger than those used as toys. 
Thus, for example, an aircraft 30 
meters in wingspread with an an¬ 
tenna 80 cm high working with 
3-meter (100-mc) signals can be 
perfectly represented by a model 
1 meter in wingspread with an an¬ 
tenna 1 cm high if 10-cm (3,000- 
mc) radiation is used. 

With available test frequencies 
between 600 me and 10,300 me and 
with usable model size between 5 
feet and somewhat above 1 foot, we 
ran ordinarily model operating fre¬ 
quencies from below 6 me to above 
500 me, using small models at the 
lower frequencies and larger mod¬ 
els for the higher frequencies. 

Fortunately, an antenna has 
identical directional characteristics 
whether used for receiving or trans¬ 
mitting. Thus it is necessary to 
measure only one characteristic to 
establish both. It is convenient to 
use the model antenna as the re¬ 
ceiving antenna in all cases, thereby 
eliminating the necessity of hous¬ 


ing the transmitter in the model 
plane or feeding a microwave signal 
to it by cable.* The problem thus 
resolves itself into one of provid¬ 
ing a suitable model aircraft and 
antenna, providing a radio-fre¬ 
quency deld to illuminate it, and 
providing means to rotate the 
model and record automatically the 
received signal as a function of ro¬ 
tation. 

Complefe System 

The general arrangement of the 
complete pattern-measuring sys¬ 
tem is shown diagrammatically in 
Fig. 1. Continuous-wave transmit¬ 
ters, square-wave modulated at an 
audio rate, produce any desired ra¬ 
dio frequency between 600 and 10,- 
300 me. Two separate oscillators, 
each with its own power supply, are 
employed to cover continuously this 
entire frequency range. They share 
a common modulator, and all pri¬ 
mary a-c power is drawm from an 
a-c regulator which is followed by 
electronic regulators in all d-c cir¬ 
cuits to give high stability. Square- 
wave modulation with 50-percent 
duty cycle at precisely 677 cps is 
provided by the modulator unit. 

A 2C39 oilcan triode in a grid- 
separation coaxial-cavity oscillator 
circuit is used in the transmitter, 
which covers the 500-2,760 me 
range. Tuning is expedited by 
means of prepared charts specify¬ 
ing the values of cathode and plate 
line adjustment. Final tuning is, 
of course, done against a wave- 
meter. This low-frequency trans¬ 
mitter produces from 60 watts (at 
its lowest frequency) to at least 5 
watts (at its highest frequency), 
and it is usually throttled down to 
prevent excessive field strength at 
the model. 

Overlapping the above range and 
reaching from 2,660 to 10,300 me, 
the klystron transmitter uses very 
highly regulated power supplies 
for reflector, grid, and accelerator 
voltages. Five reflex klystrons of 
the 2K series cover the entire band 
and are mounted permanently in in¬ 
dividual readily - interchangeable 
plug-in units. 

The functioning klystron, a 
blower, an r-f fanpedanee-matching 


transformer, and safety devices are 
mounted in a small remote unit 
which can be located close to the 
transmitting radiator, to which it 
oan be connected by a few inches of 
coaxial cable. 

The klystron can be controlled 
from the transmitter once it is 
tuned. An output indicator pro¬ 
vides an indication both at the re¬ 
mote klystron and at the operat¬ 
ing position for use in tuning. In 
addition, a tunable crystal probe 
is provided to permit continuous 
monitoring of the antenna output. 

Rodiofer Family Used 

In pattern-measuring work a 
beam of radiation of angular width 
just sufficient to illuminate the 
model uniformly, but not wide 
enough to cause much reflection 
from nearby floors or other objects, 
is required. To meet this condition 
a family of five radiators, each cov¬ 
ering about an octave in frequency, 
has been developed. These, within 
their ranges, give nearly uniform 
angular coverage of 5 to 8 degrees 
in both H and E planes and have lit¬ 
tle cross-polarization. The two ra¬ 
diators for the three low-frequency 
ranges (600-1,000, 1,000-1,800, and 
1,760-3,160 me) are parabolas with 
wide-band exciters. Interchange¬ 
able exciters permit double use of 
one parabola. 

Two pyramidal horns cover the 
ranges 3,100-6,700 and 6,660-10,300 
me. The horns are fed by tapered- 
ridge wide-band waveguide exciters 
which maintain about 2:1 standing 
wave ratio to 60 ohms over their 
ranges. Dielectric correctors placed 
at the mouths of the horns improve 
their patterns. 

All of the radiators fit inter¬ 
changeably into a single mount. 
Provision is made to rotate the ra¬ 
diators quickly from vertical to 
horizontal polarization. 

Tewer asd Models 

Airplane models for this system 
are built precisely to scale (in the 
patternmaker’s fashion, of light, 
easily worked woods, balsa, sugar 
pine, spruce, and mahogany) and 
are hollowed out to house tuning 
units and to save weight Modda 
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are flame-sprayed first with alumi¬ 
num and then with copper to pro¬ 
vide a highly conductive, easily sol- 
derable surface without greatly in¬ 
creasing weight. A skilled model 
maker requires about one working 
week to produce a typical model. 
Once made, a model is usually em¬ 
ployed in testing a variety of an¬ 
tennas or one antenna in several 
positions until a satisfactory loca¬ 
tion is found. Patches on the model 
to cover old antenna test locations 
are readily made with thin sheet 
copper and solder. 

The tower upon which the model 
is mounted for tests is built of dry 
spruce strips with thin mahogany 
bulkheads, braced with tensioned 
lacings of Fiberglas cord. The Fi- 
berglas cord has elastic constants 
comparable with those of piano 
wire so that the resultant tower is 
extremely rigid, though light in 
weight and without met^il. Wood 
and lacing are impregnated with a 
plastic. Mechanical power for ro¬ 
tation of the model is transferred 
to the tower head by a dielectric 
torque tube; thf nfiodel is driven by 
means of spiral bevel dielectric 
gears supported in dielectric ball 
bearings. A draw-in collet arrange¬ 
ment permits quick and secure at¬ 
tachment of models. 

The tower is tilted 15 degrees off 
the vertical to permit the model to 
rotate about itself rather than about 
the tower, thus decreasing the 
width of radio beam required. The 


tower provides for three independ¬ 
ent powered motions of the model. 
The whole tower moves back and 
forth on a trestle and it rotates 
about a vertical axis. In addition, 
the model can be rotated about its 
own mounting axis. 

Selomafar-Type Datecfor 

Contained in the airplane model 
is the r-f portion of the receiving 
system. It consists of an imped¬ 
ance-matching unit which may be 
of the single or double stub variety, 
and a bolometer (or a crystal) to 
demodulate the r-f signal. A detach¬ 
able tuning tool which can reach 
into the interior of the model is 
used to tune the stubs. 

The actual detector usually em¬ 
ployed in this work is a bolometer 
which may be either a specially de¬ 
signed Wollaston wire unit or a 
common instrument Littelfuse of 5 
or 10 ma rating. The bolometer is 
kept at a temperature not far below 
burnout by a constant d-c biasing 
current. As modulated r-f reaches 
the fuse its very fine wire heats 
and cools in response to the indi¬ 
vidual modulation cycles, and con¬ 
sequently changes in resistance. 
These changes in resistance in a 
current-carrying circuit are equiva¬ 
lent to an audio-frequency voltage 
input at modulation frequency. 

The audio signal is led by a 
doubly shielded cable to a high-gain 
audio amplifier located in the re¬ 
ceiver rack. The position of this 


cable in the field of radiation must 
be carefully chosen, especially at 
the lower r-f frequencies, to mini¬ 
mize the disturbance introduced in 
the field. 

Audio AmpliSor 

The audio amplifier hai^ a very 
high gain (154 db) and low input 
noise level. Such characteristics are 
necessary because the klystrons 
used are low r-f output power de¬ 
vices, delivering only 0.25 to 1 watt 
to the transmitting radiator. Low 
noise level is achieved by sharp tun¬ 
ing of the amplifier to 677 cps. 
Amplifier bandwidth is 6 cps, which 
permits reasonably rapid response, 
yet allows an equivalent background 
audio noise level at the bolometer of 
1/40 microvolt or less, only a little 
above resistance noise level. Sur¬ 
prisingly enough, this low-level 
audio-frequency signal can be sent 
without preamplification over a 
conventional doubly-shielded micro¬ 
phone cable more than 100 feet long. 

Holometer resistance varies lin¬ 
early in response to temperature 
change, which in turn is propor¬ 
tional to power input, not to volt¬ 
age. In recording patterns in 
terms of power this is an advan¬ 
tage, for the bolometer amplifier 
yields this information automat¬ 
ically. 

To obtain recorder output in 
terms of antenna voltage instead of 
power, the square root of the re¬ 
ceived signal—instead of the re¬ 
ceived signal itself—must be plot¬ 
ted. The high-gain audio amplifier 
incorporates a special square-root 
section to accomplish extraction of 
this square root through introduc¬ 
tion of nonlinear feedback. This 
section of the amplifier may be 
switched in or out at will. 

A single well-regulated power 
pack feeds rectified power to the 
entire high-gain amplifier and the 
bolometer. Despite high gain and 
the presence of sharply tuned band¬ 
pass circuits the amplifier has no 
tendency to oscillate. This stability 
results mainly from the very low 
power supply impedance (about 6 
ohms) and from good decoupling 
and shielding. Filament heating 
with a-c is used throughout 
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The polar recorder developed foi 
use with the system permits auto¬ 
matic plotting of the audio ampli¬ 
fier output voltage as radial dis¬ 
tance against angular position of 
the aircraft model given by synchro 
or selsyn generators in the tower 
base. Two separate high-speed 
servo motor systems position the 
turntable and pen respectively. 
Switching equipment connects the 
turntable servo to any chosen tower 
motion. 

The recording pen is driven by a 
servo motor of exceptionally low 
inertia, writing on polar charts in 
accordance with the signal from the 
high-gain amplifier. A precision 
potentiometer followup system 
equipped with rate circuits for 
high-«peed deadbeat operation en¬ 
sures accurate pen positioning. 

A pinhole showing a light at the 
exact center of the turntable aids 
in centering the polar charts, which 
are specially printed on tracing 
paper to permit easy reproduction. 
A scribed radial line on the turn¬ 
table surface is lined up with the 
zero axis of the paper and the paper 
is clipped to the steel surface with 
small Alnico rosette magnets. 

The airplane model, complete with 
scale model antenna and bolometer 
circuit, is mounted on the tower 
head in the uniform radiation field 


produced by the proper radiator. 
The model is rotated and the re¬ 
ceived signal is recorded on the 
polar recorder, plotting signal 
strength against angular position 
of the model with respect to the 
source of the radio field. 

The angles of elevation and azi¬ 
muth used in recording antenna 
patterns represent one pair of the 
many possible coordinates by means 
of which the field about an aircraft 
can be described. In these coordi¬ 
nates the type of patterns shown in 
Fig. 2A are known as principal 
plane patterns, and those shown in 
Fig. 2B are known as conical pat¬ 
terns. Samples of principal plane 
patterns for the streamlined blade 
antenna of Fig. 2C are shown at 
D, E, and F. 

Conical patterns are taken by al¬ 
lowing the elevation angle (tower 
rotation) to assume successive 
values 6 to 10 degrees apart, each 
time rotating the model airplane 
360 degrees about its mounting 
axis. A typical family of patterns 
will include the three principal 
plane patterns and nineteen conical 
patterns. Since the horizontal 
principal plane is included among 
the conical patterns, however, the 
family total is twenty-one patterns 
for any one antenna at one fre¬ 
quency and one polarization. 


Once the model is mounted on the 
tower and the transmitting and re¬ 
ceiving systems have been tuned, 
actual pattern measurements pro¬ 
ceed rapidly. Forty-two patterns, 
representing complete data for an 
antenna at one frequency and for 
both polarizations, have often been 
secured in one hour. 

The authors wish to acknowledge 
the able assistance of the following 
men, now or formerly with Air¬ 
borne Instruments Laboratory, in 
the development of this aircraft an¬ 
tenna radiation pattern measuring 
system: Roger E. Avery, Wesley 
A. Fails, Winfield E. Fromm, R. A. 
Isberg, George W. Smith, and 
Gerard D. Sullivan. 
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Cavity Aircraft Antenna 

A small, shunt-excited receiving element placed within a cavity which can be recessed 
into the body of an airplane performs well in 75-mc marker-beacon service and nearly 
eliminates wind resistance and precipitation static 

By HARVEY KEES and FAY GENRES 


H igh-speed modern aircraft 
have complicated the prob¬ 
lem of airborne receiving antenna 
design. Conventional open-wire 
aerials are not acceptable on many 
new airplanes because of their wind 
resistance and the accompanying 
precipitation static. The purpose 


of this article is to describe a re¬ 
cessed or “cavity" antenna designed 
to minimize wind resistance, and to 
give an account of some of the 
problems involved in its develop¬ 
ment. 

The antenna, Fig. 1, has very lit¬ 
tle drag, as can be seen from the 


photograph of Fig. 2, showing it 
on the belly of a DC-3 airplane. It 
was designed primarily for 75- 
megacycle marker beacon reception, 
and is intended as a replacement for 
conventional open-wire half-wave 
antennas six feet long. 

The antenna is essentially a 
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shunt-excited element 9 inches long, 
mounted in a cavity 3 inches deep 
by 6 inches wide and 10 inches long. 
The element is tuned to quarter- 
wave resonance by an adjustable 
top-loading capacitor. 

Flights in Douglas and Beech- 
craft airplanes over the Evansville, 
Terre Haute and Indianapolis Z- 
markers show the antenna will de¬ 
liver 3 to 6 millivolts to a 50-ohm 
load at 1,000 feet. Maximums of 56 
to 85 millivolts were observed across 
a 50-ohm load at 1,000 feet over the 
four Indianapolis fan markers. 

Development 

At the start of the cavity antenna 
development it was arbitrarily de¬ 
cided to try a cavity 18 inches long, 
12 inches wide and 4 inches deep. A 
number of different element sizes 
and shapes were tested in this cav¬ 
ity, until finally a first experimental 
design was adopted, having an an¬ 
tenna element 16 inches long and 4 
inches wide. 

It was desired to use the antenna 
with a 50-ohm concentric transmis¬ 
sion line to the receiver, but it was 
found that the series impedance at 
the base of the antenna element was 
in the order of only a few ohms. 
Shunt connection to the element 
proved to be a good means of ob¬ 
taining the required impedance 
match. 

Figure 3 shows two means of 
connecting a 50-ohm transmission 
line to the antenna element. The 
upper diagram shows a conven¬ 
tional shunt-feed system at the base 
of the antenna, while the lower dia¬ 



FIG. 2—Th« omtvnna rvcMsvd Into the 
bvlly oi o DC>3 alrplanv 


gram shows a shunt-feed connec¬ 
tion at the top end of the antenna. 
Both systems give the same electri¬ 
cal results. 

Ground tests indicated that the 
experimental antenna had 0.9 times 
the voltage gain of a half-wave 
dipole. In flight this experimental 
antenna performed so weU that it 
appeared desirable to attempt a 
smaller design, and the antenna pic¬ 
tured here was finally obtained. A 
comparison of the experimental 
and final-design antennas is inter¬ 
esting. 

The volume of the final model 
cavity is approximately one-fifth 
that of the experimental model. 
The bandwidth to the three-to-one 
standing-wave ratio points for the 
latter was approximately 440 kilo¬ 
cycles compared with 120 kilocycles 
for the former. Selectivity curves 
for the two antennas are given in 
Fig. 4. The sensitivity of the 


larger experimental model was 
twice that of the final design. 

The selectivity curves indicate 
that the Q of both antennas is very 
high. It is so high for the final 
antenna that air dielectric capaci¬ 
tors have to be used for top load¬ 
ing, and a capacitor of this type 
with a large minimum capacitance 
is employed to obtain bandspread 
tuning. 
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FIG. 3—^Two mvfhods of mcrtchlim a SO* 
ohm concontric llao to a qnartor-wovo* 
loagth rocoivtng oloBumt Tho syitom 
■howB in tho lower dlogrom woo ooodl 



TREOUENCY IN MEGACYCLES 


FIG. 4—SoloettvltY enrvoo lor on o«ly 
oaporlaoBtol model ecrrtty aatenaa 
a fairly large element and the final oohm 
pact deeign 

Ferfermanse 

Temperature tests on early mod¬ 
els showed a frequency drift of ap¬ 
proximately 200 kilocycles over a 
temperature cycle of 100 P to —60 
F. This drift was reduced to within 
25 kilocycles at 75 megacycles by 
installation of a bimetallic rotor 
plate on the top-loading capacitor. 

Some care in the mechanical de¬ 
sign of the cavity antenna is neces¬ 
sary to obtain sufficient stability. 
However, shake table, temperature, 
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FIG. S—Pattom of th« final dMign at right onglM to tho lino FIG. 6—^Pattom of the final dooign in tho lino of flight Liao 

of flight. Tho lino of flight It into tho prtntod pago of flight indicotod by tho arrow 

and humidity tests indicate that a garden hose is directed across the sistance losses. It appears that the 

adequate stability can be obtained face. main price paid for a reduction in 

without great difficulty. Figures 5 and 6 show the direc- physical size is a decrease in band- 

The bent antenna element in the tional characteristics of the final width. A general conclusion to be 
cavity was adopted to reduce the antenna, mounted on a 4 by 8-foot drawn probably is that where large 
effects of rain and other extraneous ground plane. bandwidtifis ari not required, the 

material on the face of the antenna. Theoretical considerations indi- physical size of most conventional 

With the design shown, the output cate that cavity antennas act some- antenna systems can be reduced 
is reduced approximately one db what like corner-reflectors in which appreciably—to the point where 
when a heavy stream of water from some of the gain is cancelled by re- resistance losses become important. 


Artificial Antenna 

Design of a two-terminal, lumped-constant network that simulates, within a specified 
frequency band, the impedance variations of a single-wire antenna. The resulting artificial 
mtenna can be used for tuning transmitters and for power measurements 

By SIBNEY WALD 

JUBTIFlCIAL ANTENNAS are neces- which Is used in a special applica- ter output circuits, to deliver 
J^sary for testing variable-fre- tion such as on aircraft. maximum power to the radiator, 

quency radio equipment under con- Although artificial antennas are must be closely adjusted at each 
ditions closely approximating those used for both transmitters and re- frequency. Because of the greater 
encountered in service. It is im- ceivers, the complexity of the an- relative importance of the latter 
practical to use an actual antenna tenna matching problem is not the problem, this paper will concern it- 
in laboratory tests because radiated same for both classes of equipment, self with transmitting rather than 
energy must be kept at a minimum, This difl'erence arises mainly be- receiving antennas, 
and it is usually inconvenient to cause most receiver antenna cir- Need for a greatly improved 
precisely duplicate an antenna cuits are untuned while transmit- artificial antenna for transmitters 
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became apparent during the au¬ 
thor's experience in the design and 
testing of aircraft communication 
transmitters in the medium to high- 
frequency band. T 3 rpes of dummy 
load in wide use for this purpose, 

TAILE I^MINIMUM REOUIRCD DATA 
FOR ARTIFICIAL ANTENNA DESIGN 


(1) Reactfinco and resistance at the 
lower frequency limit. 

(2) Quarter-wavelength frequency 
and resistance. 

(3) Resistance at some critical fre¬ 
quency between up|>er frequency limit 
and quarter-wavelength frequency. 

(4) Resistance at the upper fre¬ 
quency limit. 

(5) Half-wavelength frequency. (If 
this frequency is not known, it c^n be 
assumed to be approximately 1.67 
times tlie quarter-wavelength fre¬ 
quency. This constant is empirical 
and was selected as an average during 
a study of many fixed, single-wire 
antennas.) 


while perfectly satisfactory for use 
at a single frequency, resulted in 
much loss of time and were exces¬ 
sively bulky when applied to equip¬ 
ment having a frequency range of 
one to ten megacycles. To speed up 
variable-frequency tests, which at 
times had to be performed under 
reduced atmospheric pressure to 
simulate high-altitude flight condi¬ 
tions, a fixed network was designed 
which matched the actual antenna 
both for resistance and reactance 
at all frequencies. 

•qtit for Dqtign 

While theoretical considerations 
in this paper are general, this dis¬ 
cussion is limited to a band from 
approximately ^one to twenty me. 
The antenna for which an equiva¬ 
lent circuit is desired is the single¬ 
conductor type operating against a 
ground. The configuration of the 
wire may be horizontal, vertical, 
straight, or folded V. The quarter- 
wave resonant frequency of such a 
radiator usually lies between 5 and 
10 me. The characteristics of the 
antenna which must be known are 
given in Table I. A typical imped- 



FIG. 1—Typical Impodonca variation 
oi on OBtonna of fixod longih when tho 
froquoncy !• varlod showing rooctonco 
vorioHon as o tongont function of fro- 
quoncy 

ance characteristic is shown in 
Fig. 1. 

To properly evaluate various re¬ 
quirements of a good dummy an¬ 
tenna, it is necessary to understand 
the way in which the impedance of 
an actual antenna varies with fre¬ 
quency. The equivalent circuit of 
an antenna is that of a series re¬ 
actance Xy and series resistance 
as shown in Fig. 2A. These two 
components of impedance change 
with frequency. The variations of 
X. and with frequency given in 
Fig. 1 apply to all types of antennas 
where size and geometry remain 
fixed, while the frequency is 
changed. To simulate such an an¬ 
tenna at a given frequency it is 
only necessary to connect the pro¬ 
per values of resistance and either 
inductive or capacitive reactance in 
aeries. 

If I 4 is the current flowing in the 
artificial antenna circuit, the power 
output of the transmitter would be 
P = If the values of Xg and 

Ba are correctly chosen, P will be 
true power output of the transmit¬ 
ter into the actual antenna at the 
same frequency. 

Using fixed R-C and L*C combin¬ 
ations to simulate the antenna is 
accurate and simple, but lacks flex¬ 
ibility where a continuous fre- 



FIG. 2 —(A) Antnnna impadanen can b# 
reprstnntnd by variobln toriei rnoctonca 
and ratiAianca. (B) Thm raactanca com- 
ponont and (C) the retistance component 
con be eimulated by lumped constonts 

quency band must be covered. The 
circuit consists of either a fixed ca¬ 
pacitor or coil in aeries with a non¬ 
reactive resistor. The constants of 
the inductor or capacitor and re¬ 
sistor are calculated from the given 
antenna reactance, radiation resis¬ 
tance, and frequency. 

The fixed resistance is made 
equal to the antenna resistance. The 
series capacitance is == l/ 2 it/X .4 
where X 4 is negative. For positive 
values of Xg the antenna is induc¬ 
tive and L, = X^/27c/. 

To provide an arrangement that 
is easier to work with when the fre¬ 
quency is frequently changed, the 
reactive and resistive components 
are made adjustable as, for exam¬ 
ple, a variable capacitor in series 
with a carbon compression resistor. 
When the antenna is inductive, a 
variable inductor is substituted 
for the capacitor. To further in¬ 
crease the versatility of the artifl- 
cal antenna, both an inductor and 
a capacitor can be included in the 
aeries circuit, and a switch pro¬ 
vided to short the unwanted ele¬ 
ment. 

Although these adjustable cir¬ 
cuits are theoretically sound, they 
seldom are satisfactory over a wide 
frequency range. In addition to 
their stray capacitance to ground, 
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An r*f ommnter con be Included in the artllicial antenna for power measure- 
ments. Stray capacitances must be held to o minimum 


adjustable inductors have a high 
distributed capacitance. This may 
give rise to spurious resonances. 
Variable capacitors of high maxi¬ 
mum capacitance must be extremely 
large to withstand the high r-f 
potentials. 

Not only are there practical elec¬ 
trical difficulties, but there are the 
operational disadvantages which re¬ 
quire the manipulation of two con¬ 
trols for each change in output fre¬ 
quency. An error in setting of 
either the reactor or resistor re¬ 
sults in unreliable measurements 
and a loss of time in rechecking re¬ 
sults. 

Compeiito Series Circuits 

In contrast to the foregoing cir¬ 
cuits that utilize variable compon¬ 
ents, the proposed artificial antenna 
is composed of fixed elements. When 
these elements are properly chosen, 
the reactance and resistance seen 
at the terminals of the network 
(Fig. 2A) will match those of the 
actual antenna at every frequency 
within the assumed limits. 

It is the plan of this paper to 
treat each portion separately and 
finally to show how they are con¬ 
nected in series to form the desired 
circuit. The portion marked Xa will 
automatically duplicate the series 
reactance of the given antbnna, 
while Ra will produce the resistance 
variation with frequency. Although 
in practice it is not possible to iso¬ 
late resistance and reactance com¬ 
pletely, it is assumed that the equiv¬ 
alent series resistance of the re¬ 


actance section is low enough to be 
negligible and the equivalent series 
reactance of the resistance section 
can be disregarded in comparison 
with that contributed by the re¬ 
active circuit. 

Nafwork Equofiont 

A combination of reactances 
which can have an equivalent series 
reactance variation with frequency 
similar to that shown in Fig. 1 is 
represented in Fig. 2B. The cor¬ 
responding frequency character¬ 
istic is shown in Fig. 8A. 

The problem is to select values of 
Ca, C*, Cb, and L, to yield a reactance 
variation which duplicates that of 
any given antenna. While Ca is 
theoretically unnecessary to obtain 
the simulated curve, in practice it 
was found that the stray capaci¬ 
tance from the antenna terminal to 
ground introduced a large error in 
reactance at the low-frequency end 
of the band. Using a controlled 
value of Ca eliminates the effect of 
this unavoidable capacitance. Thus 
some value is selected for C, greater 
than the supposed stray capacitance 
to ground and if the final capaci¬ 
tance to ground is smaller than the 
assumed value, a trimmer capaci¬ 
tor can be inserted to make up the 
difference. A practical value for C. 
is about 10 /i^if. 

Design equations for this re¬ 
actance network are derived in Ap¬ 
pendix I and summarized in Table 
II. 

In a similar manner, the network 
of Fig. 2C provides the required 



ANGULAR VELOCITY IN RADIANS 
(LINEAR SCALE) 

(A) 



ANGULAR VELOCITY IN RADIANS 
(B) 


FIG. 3—Critical fr»qu«nci«t oad their 
oisocioted reactoncet (A) and resltt- 
ancei (B) of the ontenno to be simu¬ 
lated ore used to obtoln Tolues for Uie 
ortlflciol ontenno elements 



FIG. 4—An ortlflciol aateano built from 
the design equations wos tested cmd 
hod these reactive ond resistive choroo- 
octerlstlcsi compare with Fig. 1 


resistance variation. Design equa¬ 
tions for this network are derived 
in Appendix II and summarized in 
Table III. The quantities referred 
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TAILE 11--REACTANCE NETWORK DESIGN EQUATIONS 


Units ure in farads, henrys, cycles, and ohms. 

^1) Assume a value for Ct 

^ (u)2* — wi’) ( — A'l 0)1 Ua — 1) — -Y|Ca toi (co** — <»>**) 

Xi {on «,* - on*) 

where ■* C^Ct/iCi + Ci) 

0)1 — angular velocity at lower limit 
u)% — quarter-wavelength angular velocity 
fall — half-wavelength angular velocity 

Xi — antenna reactance at faii (proper sign must be used for Xi when 
substituting into equation) 

(3) Ca - Cm (fan/fan)* - C. (fall X. ai.)*/fa»,* 

(4) Cm - CmCU/CCm - Cm) 

5) Lf ■■ l/fa»a* (Cm + Cm) 

Note: (A) If fan is unspecified it can be assumed to be 1.67 fan, as stated in Table 
1 (5); (B) The QoiL% should be as high as possible, at least 300; (C) Distributed 
capacitance of Li should be subtracted from the calculated value of Cm to deter¬ 
mine the physical value for Ci. 

(6) To check accuracy of computed components, plot Xa va angular velocity 
from the following esquation, and compare this curve with the given antenna 
reactance curve 

^ _ fai*Li (Cm -f Ci) - 1 _ 

* faiC, [1 - fai^La (Cm 4- Cm) 1 - faiCi (fai*L,C, - 1) 


to in this table are made clear by 
Table I and Fig. SB. 

Riampla al Nafwark Datlga 

Pertinent data concerning the 
reactive characteristics of an an¬ 
tenna is: Lower limit frequency = 
2 me, reactance at lower limit fre¬ 
quency = — / 930, quarter-wave 
frequency = 9,8 me, and half-wave 
frequency =: 16.6 me. 

From this data, values for sub¬ 
stitution into Table II are: oh = 
2n (2 X lO*), 0 ), = 2« (9.3 X 10*). 
O), = 2ic (16.6 X lO*), X^ = -980, 
and let C» = l(fx 10'“. Solving for 
the reactive network components, 
we obtain Cm = 20.8 ft/if, C. = 69.9 
/i/if. Cm = 28.7 /i/if, and La = 2.96 
/ih. 

If these values are substituted 
into the equation for Xg and react¬ 
ance plotted against frequency^ the 
upper curve of Fig. 4 is obtained. 
Checking the value of X, against 
actual antenna reactance at any 
frequency shows that the error at 


any point is well within the limits 
of engineering accuracy. In this 
particular example, the reactance 
error at any frequency is less than 
two percent. 

To complete the sample calcula¬ 
tions, the significant resistance 
values of the given antenna with 
reference to Fig. SB are: R.t = 
3.2 ohms, A = 2 me or o>i = 2it 
(2 X 10*), Eo = 2.7 ohms, A = 4 
me or cdt = 2ic (4 X 10*), Emm = 6 
ohms, A = 7.6 me or <!>» = 2x (7.6 X 
10*), Emm = 11,6 ohms, and A = 9 me 
or (D« = 2ic (9 X lO*). 

Substitution of the preceding 
constants into the equations of 
Table III gives Ea 11.8 ohms, 
A = 9.275 me, Ci = 0.0185 /if, Li = 
0,1197 /ih, Cm = .00247 /if. and E, = 
8.42 ohms. 

If these values are substituted 
in the equation for Eg and the re¬ 
sultant values plotted against fre¬ 
quency, the lower curve of Fig. 4 
is obtained. 

The actual artificial antenna is 
the series combination of the re¬ 


sistive and reactive networks. 

Lumping the reactive elements of 
the resistance network of Fig. 2C 
into a single reactance X„ we find 
that the reactance of the resistance 
network is 


Aii2,*/[(/?,-h/if*)* 4 (1) 

To find the greatest value that Xs 
can ever reach, differentiate Eq. 
(1) with respect to Xi 

I(/2i-f-/?,)* + X,*]/?,*-* 
dCXg) (XM)2 Xx 

dXt *[(/?,-4/2,)* 4-AVi* 

Setting the numerator equal to zero, 
and solving for A", 

Jfi •* /2i 4 /?f (2^ 

Substituting Eq. (2) into Eq. (1) 

Xta^-.ij,*/2(/ei-4/e,) (3) 

In a typical case where Ea = 11.8 
ohms and Ey = 3.42 ohms, the maxi¬ 
mum value of Xs is 4.56 ohms in¬ 
ductive. Substituting Eq. (2) in 
Eq. (10) from Appendix II gives 


^ RajUg^ 2 R 0 
2(/e,4/?*) 


(4) 


Using the same numerical values 
for Ex and /?„ Es = 7.2 ohms. 

Referring to the antenna resis¬ 
tance curve of Fig. 4B, we see that 
Ea = 7.2 ohms at a frequency of 
7.9 me. At this frequency the an¬ 
tenna reactance is —flOO ohms. 
Thus, in the given example, the 
maximum error introduced by the 
reactance of the resistance varia¬ 
tion circuit occurs at 7.9 me and 
has a value of Xs^^n./XM = 4.56/100 
4.56 percent. 


Astoaao Operaflon 

The simulative network discussed 
in this paper is, strictly speaking, 
only an approximation of the an¬ 
tenna which it is intended to re¬ 
place. At any frequency the simu¬ 
lated reactance and resistance will 
differ from the actual values by a 
finite amount. The magnitude of 
these discrepancies will vary de¬ 
pending on the antenna, but in gen¬ 
eral it will be found that the re¬ 
actance curve can be made to match 
within two percent, while the resis¬ 
tance may deviate as much as ten 
percent from the true value. 

Effect of mismatch on the tun¬ 
ing of the transmitter output cir¬ 
cuits may for all practical purposes 
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TAiLE III--RESISTANCE NETWORK DESIGN EQUATIONS 


I 'nils in faracis^ henrys, cycles, and ohms. 

(1) Solve for Rt from the following equation, using given values from the antenna 
Jo 1 h* duplicated 

:t /V (4 (/?, - ^ M[F (Rt - - Af) (/f, - Rb,Y'* 

(Rat ““ /(/?«!. — Ro) 

L C4;i - a>6*/J 

(Rnt - Ro)/(Rbx - Ro) 


where A 


F 

M 

N 


L \ — u>i- / J 


^2) Having found Rz, solve for u )4 from 
coi - K tb - u»i*)/(/? - 1)]'/* 

where 

LA (R^ ~ /?«)J 

( i) r = ^/ u)4^ \ 

* V “■ ^*>4*/ Vt*)?-* MtR) 

where 7?^ JL^L- 
Where /f 

(I) Li = (w4‘^ — a>2*)/«4*<*>2^L’j 

(.l) Gt ■* I / W4*Li 

(6) /?i =« RoRi/iRt Ro) 

(7) To check accuracy of the calculated components, plot Ra vs angular velocity 
from the following equation and compare this curve with the given antenna 
resistance curve 


Rs 


(RiRt) (Rx + Rt) 4- RtXa* 
(Ri 4 Rt)* 4- Xb* 


where JT. - ( - 1/2 ./C.) + 


be neglected. However, the setting 
of the coupling control, being sensi- 
tive to the resistive component of 
the antenna impedance, will differ 
slightly at some points from its 
position when working into an 
actual antenna. 

The network may be used for 
measuring power output if a radio¬ 
frequency ammeter is connected in 
series with the circuit. The power 
output is P = Ia*R< where P is 
power output in watts, Ia is am¬ 
peres rms, and is equivalent ser¬ 
ies resistance of entire network. 
The value of P,, at each frequency 
should be determined by measure¬ 
ment on either a Q meter or a suit¬ 
able r-f bridge, between terminals 
A and G. 

To get reliable indications of an¬ 
tenna current, the stray capacitance 
of the input terminal and of Ci to 
ground must be reduced to as low a 
value as possible. Careful arrange¬ 
ment of the elements of the net¬ 
work, together with a short input 
lead, will increase the accuracy of 
power output measurements. 

There are several precautions to 
be taken in connection with the de¬ 
sign, construction, and use of the 
artificial antenna described here. 
The various components of the net¬ 
work must be carefully chosen to 
give satisfactory service. This cau¬ 
tion is particularly applicable to ca¬ 
pacitor Cl which may be subjected 
to extremely high r-f potential, even 
with low-power transmitters. For 
example, at two megacycles, a trans¬ 
mitter which produces 20 watts in 
an antenna resistance of three ohms 
causes a current of 2.57 amperes 
rms to flow. Using the value of Ci 
in our typical case, 69.9 /t/xf, the 
current in Ct would be 2.26 am¬ 
peres. The peak voltage across Ci 
with 100-percent modulation is 2 x 
1.4 X 1140 X 2.26 = 7,160 volts. 

In conclusion, while the antenna 
network presented here falls con¬ 
siderably short of perfection, it 
does have a substantial fleld of use¬ 
fulness from an engineering point 
of view. The effort consumed by its 
design and construction is small 
indeed when one considers the 
amount of time which can be saved 


in the development and testing of 
multi-frequency transmitters. 



FIG. S—^Assumsd circuit irom which ru- 
oetiTU network Is dovolepod 


Appeedlx I SImeleflon of Roootooeo 
Cervo 

Neglect the resistance in the cir¬ 
cuit. The reactive portion of the 
simulated antenna can be repre¬ 


sented by Fig. 6. The total circuit 
reactance is 

Xt ^ 

X,X,X,+ X,X,(X\+ X,) 

Xx X,+ X,(,Xx+ Xx) + X, (X, + Xxd ^ ■ 

let -Yl *=* -{- OiLt 
X* « - 1/w C» 

X, - - !/« Ct 
Y4 - - l/a» Ca 

Substituting these values into Eq. 
(5) gives 

a)»L, (Ci 4- CO - 1 

(Ci -f C5)l 

- iaCiiut^LrCt- \) (6) 

when 0 ) = a>., Xr = 0 

iat*Lt (Ci -b c») ~ 1 « 0 (7) 

when a> = <*)„ Xt = infinity 
Ct (1 (Ci + C,)l - 

Ci (wi*Lf Cft — 1) ■■ 0 (8) 

when ci> = (Oj, Xr = Xj 




ELECTRONICS AAANUAL FOR RADIO ENGINEERS 


y L, (C. + Ct) - 1 

“ «, C, (1 - «,* Lt (C* + C.)) 

- ui C« (w* L^Ci- 1 (9) 

Equations (7), (8), and (9) are 
now solved simultaneously for un¬ 
knowns Ct,C„ and Lt, giving the 
equations of Table II. 

Appendix II 

Slmulotion of Roiittcinco Curvo 

In the network of Fig. 6A the 
equivalent series resistance, as 
shown at Fig. 6B is a function of 
the branch reactance Xt which in 
turn is some function of frequency; 
thus 

(/^. iU) {Hx -f Ih) + /?2 A'r 

AV ^ ^ 

This circuit is satisfactory for 
our purpose because the equivalent 
series reactance X. can at all times 
be made small compared to either 
the total series resistance or the 
total series reactance. This total 
series reactance includes the re¬ 
actance developed in Appendix I. 
We are primarily concerned with 
the duplication of a resistance vari¬ 
ation. The magnitude and impor¬ 
tance of Xs is considered elsewhere. 

The minimum value of Rs in Eq. 
(10) occurs when ATi = 0 and R^ = 


R, = R,R,/{R, + R,). If Eq. (10) 
is solved for AT, we obtain 
X\ ~ dtr. 


r (Ai (Hi -f A,) - Rs (A, -h 

From the condition for a minimum 
value of Rst R\ ~ RoR^/iR^ -Ri,), 
which, substituted into Eq. (11), 
gives 


Now if in Fig. 6A, AT, assumes the 
configuration of Fig. 6C. 


V 1 - <^Ia (Cl -f C,) 

' “ cjCt (Ml Cj - 1) 

Substituting this value of Xi into 
Eq. (12) yields 

l - W* Li (C, -h Ci) _ 

0,(7, (o>»L, Ci - 1) 



If (i >4 is the angular frequency at 
which the L,Cj loop is in parallel 
resonance, that is: LtC. — and 
similarily, if wa is the angular fre¬ 
quency at which the circuit of Fig. 
6C is in series resonance so that 
L, (Ci -f C.) = 1W, Eq. (13) can 
be written in terms of resonant and 
antiresonant angular velocities. 

There are three unknowns in this 


resultant equation, namely, u),, 
and Cl. If three conditions are 
known, a corresponding number of 
simultaneous equations can be set 
up. The most convenient boundary 
conditions are the two limit fre¬ 
quencies and one intermediate fre¬ 
quency, and the corresponding an¬ 
tenna resistances. Using these 
values to solve this equation gives 
the design equations of Table III. 



FIG. 6—Circuit from which rutitUT* nut* 
work is doTolopod: (A) tho assumod 
circuit. (B) tho oquioaloat sorios circuit, 
and (C) tho finol dosign 


Microwave Antenna Beam Evaluator 

Development, adjustment, and routine maintenance of microwave antenna systems require 
a means for plotting the radiation pattern quickly. This system uses simple potentiom¬ 
eters but requires no nonlinear circuit elements. The recorded pattern is independent 
of transmitter power fluctuations and high sensitivity is realized without tuned amplifiers 

By H. LaCAINE and M. KATCHKY 


I N THE DEVELOPMENT of high-gain 
microwave antennas, numerous 
radiation patterns are required 
when checking critical adjustments 
to feeds, radiators and reflectors 
before optimum conditions for 
beamwidth and side lobes are found. 
Manual pattern-taking is a slow, 
laborious process, as it is generally 
necessary to measure received or 
transmitted power at each of many 
angles, and to calculate and plot 


each pattern. To speed up this type 
of work, an automatic recorder was 
developed at the National Research 
Council of Canada, with some 
unique features. 

Although the recorder plots the 
square root of the detected signal, 
only simple wire-wound potentiom¬ 
eters in which resistance varies 
linearly with angle are required. 
Furthermore, since no circuit ele¬ 
ments with nonlinear amplitude 


characteristics are used, an accur¬ 
acy of 1 percent in the trace is real¬ 
ized in daily operation. The 
pattern is made independent of 
fluctuations in transmitted power 
by an unusually simple method. The 
received signal is merely balanced 
against a monitor voltage. The re¬ 
corder does not respond to, nor is it 
jammed by interference encoun¬ 
tered around a radar establishment, 
and a high receiver sensitivity is 
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FIG. 1—Block diogram ol tho outomatlc recorder. Mechanical linkage! between 
tronemltting ontenno ond recording drum and between the ottenuatori and the 
recording pen are indicoted by daihed lines 


realized without the necessity of 
using tuned amplifiers. These char¬ 
acteristics are achieved by using 
the pen motor in a synchronous 
detector circuit. 

Arrongement of Equipment 

All the equipment illustrated with 
the exception of the receiving an¬ 
tenna and its associated detector 
and amplifier, is located in a room 
under the antenna turntable. The 
block diagram of interconnections is 
shown in Fig. 1. Several receiving 
antennas for different bands and at 
various distances are available to 
increase the flexibility of the sys¬ 
tem, and all are remotely controlled 


from the recorder room. The re¬ 
ceiving antennas have directional 
characteristics to reduce the influ¬ 
ence of undesirable reflections. 

In operation, modulated radio¬ 
frequency energy is transmitted 
from the test antenna, which is lo¬ 
cated on the turntable. As this an¬ 
tenna is rotated, the varying field 
strength at the receiver is used to 
control the movement of a pen 
which traces the pattern on a ro¬ 
tating drum geared to the turn¬ 
table drive shaft. 

A power pattern of a high-gain 
antenna is not satisfactory because 
the side lobes are not given sufficient 
prominence. Field strength pat¬ 


terns overcome this objection and 
can be used directly to represent 
a contour of constant power or con¬ 
stant field strength. As the only 
suitable detectors give an output 
proportional to the power in the 
received signal, a direct-recording 
system with a linear potentiometer 
would give power patterns. To 
obtain the desired field strength 
patterns, a special attenuator could 
be used, but this would result in a 
recording sensitivity which varies 
with pen position. Since speed and 
accuracy place severe restrictions 
on the sensitivity, such a system 
would be satisfactory over a small 
range of signals only. In the cir¬ 
cuit to be described, field strength 
patterns are obtained with constant 
recording sensitivity. 

The transmitter most commonly 
used with the recorder is a klystron 
oscillator which is modulated by 
90-cycle square waves from the 
multivibrator circuit .shown in Fig. 
2. The choice of 90 cycles was 
made to avoid power line frequency 
interference, and because there 
were no other users of 90-cycle fre¬ 
quency in the vicinity. 

Part of the output from the mul¬ 
tivibrator is amplified and applied 
to one field of the motor. A phase 
adjuster is provided to obtain the 
correct phase between the voltages 
on the two fields of the motor. 

The signal bolometer and am- 



FIQ. 2—'Tha BOcycla supply comprlMt a multivibrator circuit lockod to tho poworlino iroquoncy. Output irom the unit modulatoi 
tho r-l osclUotor. A toeond output roochoo tho motor by way ol o photo ohUtor ond omplllior. 
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plifier are located near the receiv¬ 
ing antenna. The bolometer is a 
Litteifuse element acting as a 
square-law detector. These ele¬ 
ments have been in use for a num¬ 
ber of years, and repeated tests by 
various methods and observers 
have proven them to be very ac¬ 
curately square-law up to several 
milliwatts. Thus the detected volt¬ 
age is proportional to the radio¬ 
frequency power in the received 
signal. 

The associated amplifier is well 
shielded to avoid blocking by anv 
heavy radar interference picked up 
in the early stages. The synchron¬ 
ous detector circuit to be described 
makes unnecessary the use of tuned 
amplifiers. The overall gain can be 
varied from 40 decibels to 110 deci¬ 
bels in order to accommodate vari¬ 
ous antennas. Coarse adjustments 
in gain, covering a 50-decibel range 
in nine steps, are made at the re¬ 
ceiving sites, while fine adjustments 
over a 20-decibel range are made re¬ 
motely at the recording room. The 
gain of the amplifier is made stable 
by the use of inverse feedback, 
which alvso ensures a linear re¬ 
sponse, By careful design and 
shielding, a low noise level in the 
amplifier is achieved, allowing a 
high signal-to-noise ratio even for 
many low-gain antennas. Ratios of 
100-to-l in field strength, therefore, 
can be measured easily, and at maxi¬ 
mum gain a receiver sensitivity of 
about 0.003 microvolt across 500 
ohms is realized. 

The output from the field ampli¬ 
fier is carried into the recording 
room by a 500-ohm line which is 
balanced to ground. The next stage 
is a cathode follower which presents 
the required low impedance to the 
attenuator. 

A monitor ^device consisting of 
either a probe in the feed line, or a 
fixed antenna, picks up a portion of 
the transmitted signal. This frac¬ 
tion is then detected by a bolometer, 
giving an audio-frequency voltage 
proportional to the transmitted 
power. Any fiuctuation in the 
transmitter output will affect both 
the signal and monitor voltages to 
the same extent, leaving the ratio 
of the two unchanged. As will be 



FIG. 3—One*l«iith ol the monitor ottenua- 
tor output it compared with ten times the 
signal ottenuator output and the resultant 
diiierence voltage drives the pen motor 

until the two quantities are equalised 

seen later, the pen position at bal¬ 
ance is dependent on this ratio; 
therefore fluctuations in output do 
not alter the recorded pattern. 

The AHensafer Systein 

The attenuators consist of two 
linear potentiometers with moving 
contacts ganged on the same shaft 
that drives the recording pen. The 
monitor and signal voltages are 
applied to these attenuators in the 
manner shown in Fig. 3. The two 
outputs from the attenuators are 
then added out of phase, and the 
resultant difference voltage is am¬ 
plified and applied to one field of 
the motor, causing it to rotate. This 
moves the recording pen, and at 
the same time, moves the contacts 
in such a direction that the differ¬ 
ence voltage is reduced to zero, at 
which point the motor ceases to ro¬ 
tate. This is the balance position. 
The proper direction of rotation is 
obtained by means of the 360 de¬ 
gree phase adjuster in the 90-cycle 
supply. 

It can be shown that the pen 
traces out a field strength pattern 
which is not affected by power 
fluctuations in the transmitter. Let 
B represent the pen position ex¬ 
pressed as a fraction of the maxi¬ 
mum pen displacement. It will also 
represent the position of the two 
potentiometers expressed as a frac¬ 
tion of their maximum displace¬ 


ment. Then for a monitor voltage 
of En, and a signal voltage E, at the 
attenuator inputs (Fig. 3) 

Output of signal attenuator « 

2,000 „ 
tfX 200,000 + 2 , 000 ^* 

Output of monitor attenuator ^ EmO 

The circuits that follow compare 
one-tenth of the output of the moni¬ 
tor with ten times the output of the 
signal attenuator. When these 
quantities are equal 

EmB ^ 2,000J?f 

10 ex 200,000 -h 2,000 

e{$ -f- 0.01) ■■ Et!Etn 

When the pen position is ad¬ 
justed to be correct at full scale, 
the error introduced by the above 
approximation is negligible (within 
0.1 percent full scale) down to a 
pen position of 1 percent of full 
scale. Further, since E, and Em are 
both proportional to the oscillator 
output power, their ratio, and there¬ 
fore the pen position, is independent 
of the oscillator power. 


At a given instant, the voltage 
applied to the motor is proportional 
to 


Taking the recording sensitivity 
5 as being equal to the change in 
voltage per unit change in pen posi¬ 
tion, it is seen that 

dr „ . g. 




but 


dd 


Em 


0 ^ 


therefore 

S ■■ 


E./0^‘ « Em 
^2 Em 


Thus the sensitivity is independ¬ 
ent of the pen position. It is how¬ 
ever, proportional to the monitor 
voltage, but the fluctuations in out¬ 
put normally encountered do not 
produce significant changes in sen¬ 
sitivity. 


Rgcerdiag CIrcalft 

The circuit diagram for the mixer 
and recording motor is shown in 
Fig. 4. Where it is necessary to 
have a transformer before the point 
where the two voltages are added, 
great care must be taken, as it is 
essential that there should be no 
change of phase with amplitude. 
The first stage is a signal amplifier 
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FIG. 4—The signal mixer, motor amplifier and recording apparatus are shown schematlcolly and their interconnections to the ether 

units ore indlcoted 


with cathode feedback. Following 
this, the two voltages are added in 
a circuit containing only simple re¬ 
sistance. Phase trimmers are pro¬ 
vided in both monitor and signal 



Is shown os o function of pen position in 
percent of full-scale displocement from 
bolonce 


lines to obtain the correct phase 
relationship. The remaining stages 
amplify the difference voltage be¬ 
fore it IS applied to the motor. The 
gain is adjusted for optimum re¬ 
cording sensitivity after the moni¬ 
tor voltage has been set at the 
required value. 

The recording motor is a small 
alternating-current drag cup motor 
which has two field windings on the 
stator surrounding a cup-shaped ro¬ 
tor. The rotating shaft drives the 
ganged attenuator contacts and also 
a pulley which moves the recording 
pen in a straight line parallel to 
the axis of the cylindrical drum. 
Great care is taken to avoid mechan¬ 
ical backlash between the motor and 
the attenuator. 

One field of the recording motor 
is fed by a constant voltage from 
the 90-cycle supply; the other by a 
control voltage derived by adding 
the attenuated monitor and signal 
voltages out of phase. With this ar¬ 
rangement, the motor responds only 
to frequencies within dt 2 cycles 
per second of the modulation fre¬ 
quency. Even for interfering sig¬ 
nals within this bandwidth, the 
motor simply oscillates about the 
true value, producing a slight 


broadening of the pen trace. This 
behavior has proven to be of im¬ 
mense value, allowing reliable oper¬ 
ation at times when an oscilloscope 
on the signal lines showed a con¬ 
fused mass of heavy radar inter¬ 
ference. It is, of course, necessary 
to be able to obtain the correct phas¬ 
ing of the monitor, signal, and sup¬ 
ply voltages, but once this has been 
accomplished, readjustments need 
only be made following replacement 
or interchange of a major system 
component. Small phase errors 
cause sluggish movement of the 
recording motor, which is easily 
spotted and corrected. 

Plotting Antonno Pattorn 

In order to take a pattern, a sheet 
of graph paper with rectangular co¬ 
ordinates (which is most suitable 
for high-gain antennas) is placed on 
the drum so that the abscissa is 
along the circumference and the 
ordinate is parallel to the axis of 
the cylinder. The abscissa is, there¬ 
fore, proportional to the angular ro¬ 
tation of the antenna. The drum 
turns through an arc length of ten 
inches (to fit the scale of the graph 
paper) and by shifting gears on 
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the gear housing, it is possible to 
take patterns for 20, 40, 200, or 
400 deprees on this lengrth of arc. 
In this manner, the operator is able 
to select the azimuthal expansion 
most suitable to the width of the 
radiated beam. 

Before taking the pattern, the 
antenna under test is turned to the 
position of maximum gain, w^hich 
is indicated by a vacuum-tube volt¬ 
meter on the signal line at the input 


wavelength 3 2 cm 


TIME OF AEOORDiNG: 
PATTERN I -2MIN 
PATTERN 2-20 SEC 


AZIMUTH ANGLE IN OEGREES 



FIG. 6—Th* •llwct of incrwaiinq recording 
•peed is shown in pottem 2* wborein a 
5 porcont error has been introduced by 
changing the liold strength by 60 percent 
ol full scale in one second 


to the attenuators. The monitor and 
signal voltages are adjusted until 
the pen is on the 100 percent or¬ 
dinate position, and the gain of the 
motor amplifier is set to give opti¬ 
mum recording sensitivity (this set¬ 
ting is determined experimentally 
and is rarely changed). When the 
preliminary adjustments are com¬ 
pleted, the desired selection of 


azimuthal gearing is made, and the 
pattern i.s taken by rotating the 
antenna. 

It has been stated that the 
bolometer and amplifier make a 
negligible contribution to the error 
in the pattern. Linear wire-w'ound 
potentiometers from stock give an 
attenuator unit in which the sys¬ 
tematic error never exceeds 0.5 per¬ 
cent. The remaining factor in the 
accuracy of the recorder is the re¬ 
sponse of the recording motor to 
changes in field strength. The mo¬ 
tor starts rotating at 15 volts, which 
corresponds to approximately 0.3 
percent pen displacement, as shown 
in Fig. 5. 

If a higher recording sensitivity 
is used in an attempt to reduce this 
figure, the motor will tend to hunt 
at the recording speed most com¬ 
monly used. This effect will neces¬ 
sitate a lower speed to avoid sudden 
changes in field strength. If a lower 
sensitivity is used, the percent dis¬ 
placement over which the recording 
motor will not respond is increased, 
thus giving less accuracy in the 
pattern. The sensitivity used is a 
compromise between these factors, 
and allows accuracy within 1 per¬ 
cent, along with a high recording 
speed, without hunting. 

It would also be possible to feed 
back in phase opposition the voltage 


from a second motor driven by the 
first and acting as a generator. This 
would have the effect of reducing 
the effective inertia of the mechani¬ 
cal system, and increasing the per¬ 
missible pen speed. The drag- 
cup motor has such a good ratio of 
torque-to-inertia, however, that the 
feedback was considered unneces¬ 
sary. 

It has been found that for ac¬ 
curate patterns, the rotation speed 
of the antenna under test .should 
be such that the field strength does 
not change by more than 40 percent 
of full scale per second. In general, 
adequate recording speed has al¬ 
ways been found available. A 20- 
degree pattern with a 2-degree 
beamwidth at 6 decibels down can 
be taken easily in about one minute, 
and a 400-degree pattern of the 
same antenna in five minutes. Two 
20-degree patterns recorded at dif¬ 
ferent speeds (one in 2 minutes, the 
other in 20 seconds) are shown in 
Fig. 6. The two patterns are prac¬ 
tically identical, except for a 5 per¬ 
cent error where the field strength 
changed 60 percent of full scale in 
one second at the faster recording 
speed. 

In actual pattern taking, the ac¬ 
curacy has always been within one 
percent at all times and under vary¬ 
ing conditions. 
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Crystal Pickup Compensation Circuits 

From consideration of recording practice, record properties, pickup frequency char¬ 
acteristics, and listener acceptance, the appropriate corrective network for connecting 
crystal pickup to amplifier input to give desired overall frequency response is determined 


By B. B. BAUER 


I N THE DESIGN of phonograph 
equipment, quality performance 
is not automatically assured by 
choosing better-grade components 
for the playback mechanism. The 
circuit connecting the pickup to the 
amplifier plays an important part 
in the satisfaction which the user 
obtains from the instrument. A 
clear understanding of the latest 
trends in recording characteristics 
is essential to the selection of this 
circuit. In this article general con¬ 
sideration is given to the frequency 
response of phonograph playback 
equipment, with particular atten¬ 
tion to the design of circuits for 
connecting piezoelectric pickups to 
playback amplifiers. 

lUcardlaq Charactarlstiei 

To reproduce a record in the 
manner intended by the recording 
director, the characteristic of the 
playback system should match the 
characteristic of the recording sys¬ 
tem. Recording characteristics are 
specified in terms of the lateral or 
hill-and-dale amplitude and velocity 
of the modulated record groove. 

Peak velocity of groove modula¬ 
tion, which is a function of signal 
frequency is commonly known as 
the modulation velocity. If modu¬ 
lation velocity is to remain con¬ 
stant, amplitude must decrease with 
the frequency. 

Recording characteristic of a sys¬ 
tem is defined by the velocity-fre¬ 
quency or amplitude-frequency 
curve obtained by cutting a disk 
with a sinusoidal voltage of con¬ 
stant amplitude and varying fre- 



FIG. 1 —Th«ortttical recording choracttr- 
iiticB lor (A) 2S0‘Cps tumoTor. (B) 500-cps 
turnoTor, (C) NJi.B. lateral recording, ond 
(D) constant-amplitude recording 

quency applied to the input termi¬ 
nals of the recording amplifier. In 
this manner a test record is ob¬ 
tained which can be used for cali¬ 
brating playback systems. 

Shortly after the introduction of 
electrical recording, cutting heads 
and recording circuits were ad¬ 
justed in such a manner that a con¬ 
stant velocity characteristic was ob¬ 
tained at frequencies above 250 cps, 
and a constant amplitude character¬ 
istic was obtained below this fre¬ 
quency (known as the turnover 
point). This recording character¬ 
istic is shown by curve A in Fig. 1. 
Maximum modulation velocity above 
the turnover point was limited—by 
the ability of the relatively heavy 
pickup needle chucks to turn the 
corners of the modulated groove at 
high frequency—to approximately 
2.5 inches per second. The modula¬ 
tion amplitude below the turnover 
point was limited by the pitch of 
the grooves to approximately 0.002 
inches. Disks recorded with this 
characteristic gave satisfactory 
tonal balance with equipment avail¬ 
able at the time. 


Extension of the frequency range 
by lightening the moving system 
of phonograph pickups, together 
with the development of wide-range 
loudspeakers for home use, led to 
the increase of the high-frequency 
modulation velocity to peaks of 5 
to 7 inches per second. This re¬ 
sulted in a substantial improvement 
of the signal-to-noise ratio. Be¬ 
cause of groove spacing limitations, 
maximum low-frequency modula¬ 
tion remained unchanged and the 
turnover point was shifted upward 
to 500 cps in home records. Such a 
recording characteristic is shown 
by curve B in Fig. 1. Because the 
surface-noise energy is contained 
principally above 1000 cps, this 
recording characteristic provides 
an improvement of signal to sur¬ 
face-noise ratio over the 250-cps 
turnover point characteristic of 
approximately 6 db. 

Hlgh-FraqMaaey Fra-Emphoiit 

To diminish the audibility of sur¬ 
face noise in transcriptions, it be¬ 
came common practice to accentuate 
the high-frequency characteristic 
in the cutting-head amplifier, and 
conversely, to attenuate the high- 
frequency response of the pickup. 
An example of such a recording 
characteristic is the orthoacoustic 
characteristic employed by the Na¬ 
tional Broadcasting Company, 
which provided for a 16-db rise at 
10,000 cps. In 1942 the National 
Association of Broadcasters' recom¬ 
mended as standard the character¬ 
istic shown by curve C in Fig. 1, 
which corresponds closely to this 
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orthoacoustic characteristic. 

In addition to high-frequency 
pre-emphasis, the recommended 
standard indicates a low-frequency 
pre-emphasis. When compensated 
in the appropriate manner, low-fre¬ 
quency pre-emphasis, tends to di¬ 
minish effects of turntable rumble 
and line frequency hum. 

If the recorded amplitude is kept 
at a low value, it is possible to em¬ 
ploy a constant-amplitude record¬ 
ing characteristic shown by curve 
D in Fig. 1. Such a characteristic 
has a number of advantages, among 
them that of efficiently utilizing the 
available record surface and of pro¬ 
viding a high signal-to-noise ratio. 
This characteristic has not been ex¬ 
tensively applied** 

The manufacturer of home rec¬ 
ords is confronted with a number 


of factors which have a bearing 
upon response-frequency character¬ 
istics. Home records are employed 
in an extremely wide variety of 
record players with different char¬ 
acteristics, in coin-operated ma¬ 
chines, and in broadcast work. 
Such factors as needle tracking, re¬ 
corded level, and surface noise, all 
of which are interdependent with 
response characteristics, are given 
different weight by various manu¬ 
facturers and users. One finds, as 
a result, a difference between re¬ 
sponse-frequency characteristics of 
records manufactured under vari¬ 
ous brand names. Because of these 
differences in recording character¬ 
istics, a single playback response 
cannot meet all requirements and a 
compromise must be sought. It is to 
be expected that standardization 


work may be done in the future to 
remedy this situation. 

Many recent recordings exhibit a 
good tonal balance when played 
back with a pickup adjusted to con¬ 
form to the N.A.B. Standard. Other 
records provide a better balance 
when reproduced with a pickup 
which is flat on a velocity basis be¬ 
yond the 500-cycle turnover point. 
However, surface-noise considera¬ 
tions in shellac-type home records 
dictate a reduction of high-fre¬ 
quency response of the playback 
roughly in accordance with the 
N.A.B. Standards. For reasons 
which are stated later, attenuation 
greater than prescribed by N.A.B. 
Standards is often desirable beyond 
4,000 to 6,000 cps. There is little 
doubt that useful frequency con¬ 
tent in commercial records beyond 
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8,000 cps is negligible. 

Test records provide convenient 
and precise means for testing and 
adjusting the response of playback 
systems. The test record need not 
be recorded with the exact charac¬ 
teristic which is desired for the 
playback system, as long as its 
characteristic is known. Most test 
records are recorded with a con¬ 
stant amplitude characteristic up 
to the turnover point, and a con¬ 
stant velocity characteristic above 
the turnover point. 

Among American-made lateral 
test records are Audiotone No. 78-1 
(250 cps turnover), Columbia Fre¬ 
quency Record No. 10003-M (300 
cps turnover), and R.C.A. Fre¬ 
quency Record No. 84522 (500 cps 
turnover). These are 78-rpm rec¬ 
ords intended for use with home 
record players. For broadcast test 
work R.C.A. Orthoacoustic No. 2485 
(500 cps turnover) and Western 
Electric Test Record TRL-100 (250 
cps turnover) 33i rpm records are 
available. 

Frequency characteristics of test 
records are sometimes supplied by 
the manufacturers, but they can 
also be obtained by measurement of 
the width of reflected light pattern\ 
or by measurement with a phono¬ 
graph pickup which is known to be 
substantially flat and to have low 
needle-point impedance. 

Velocity-frequency characteris¬ 
tics of the above test records, as 
measured in the Shure Laboratory, 
are shown in Fig. 2. 

Procedure for obtaining the play¬ 
back characteristic of a test rec¬ 


ord in terms of a given recording 
curve is to subtract the desired re¬ 
cording characteristic from the fre¬ 
quency characteristic of the given 
test record. The resultant curve is 
the overall characteristic which will 
be exhibited by the playback mech¬ 
anism when reproducing the test 
record with the playback adjusted 
to match the desired recording char¬ 
acteristic. This subtraction has 
been performed for the first five 
test records mentioned above in 
terms of the N.A.B. Standard. The 
resulting curves are shown in 
Fig. 3. 

Precise adjustment of the play¬ 
back characteristic requires meas¬ 
urement of the acoustical output of 
the loudspeaker when the pickup 
is playing the test record. In prac¬ 
tice, when suitable acoustical meas¬ 
urement facilities are not availably 
the pickup output voltage is meas¬ 
ured across the amplifier volume 
control; the characteristic of the 
amplifier and the loudspeaker is 
then added to these readings to ob¬ 
tain the overall characteristic. 

Crytfal Pfelivp Characferisflct 

Two types of piezoelectric crys¬ 
tals are employed in phonograph 
pickups, the x-cut rochelle salt type 
and a new crystal developed by the 
Brush Development Company known 
as the PN type, Rochelle salt crys¬ 
tal pickups are characterized by 
high output voltage and high in¬ 
ternal capacitance, PN crystal pick¬ 
ups have acoustical characteristics 
similar to the crystal pickups, with 


the added advantage of withstand¬ 
ing extremely high ambient tem¬ 
peratures without deterioration. 
On the other hand, PN crystal pick¬ 
ups have a low internal capacitance 
which requires careful design of 
the input circuit for optimum op¬ 
eration. 

From the electrical standpoint, a 
piezoelectric pickup can be repre¬ 
sented as a zero-impedance gener¬ 
ator connected in series with a ca¬ 
pacitance which is numerically equal 
to the capacitance of the crystal. 
This capacitance is approximately 
lOOO^u/if in the case of rochelle 
salt pickups, and is approximately 
100 fi/xf in the case of PN pickups. 
The addition of a capacitive cable 
to the pickup terminals results, 
therefore, in a loss of output volt¬ 
age without change in frequency 
characteristic. The loss in output 
can be calculated by considering 
pickup capacitance Co and cable ca¬ 
pacitance C, as forming a capacitive 
voltage divider. The loss due to 
cable, in decibels, is 20 log (1 4- 
(Ci/C,)), indicating the desirabil¬ 
ity of connecting the pickup to the 
amplifier with a cable having the 
lowest possible capacitance. 

Phonograph pickups are gener¬ 
ally connected to potentiometer- 
type volume controls. Because the 
internal impedance of the pickup is 
capacitive (and therefore increases 
at low frequencies), the addition 
of the volume control across the 
pickup causes a drop in output at 
low frequency. The added loss due 
to the shunting effect of the volume 
control resistance, in decibels. 
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equals 20 log [1 + (l/<*)CRi)*]‘ 
where C is the sum of the capaci¬ 
tance of pickup and cable (Co 4- Ci) 
in microfarads, and Rt is the volume 
control resistance in megohms. 

lapiit-CireHit Leodiiig 

To illustrate the point, Pig. 4 
shows the characteristic on an 
Audiotone record of a Shure P-87 
rochelle salt pickup cartridge con¬ 
nected across resistances of 0.26 
megohms to 6.0 megohms. In dot¬ 
ted line is shown the playback char¬ 
acteristic which should be attained 
on an Audiotone record in order to 
match the N.A.B. Standard Char¬ 
acteristic. (This is obtained from 
Pig. 8.) It is seen that with this 
particular rochelle salt pickup, a 
1.0 megohm volume control pro¬ 
vides the best fit to the N.A.B. char¬ 
acteristic. 

Pigure 6 shows the characteris¬ 
tic of a PN-87 type pickup cartridge 
connected across resistances of 1.0 
megohms to 10 megohms. In this in¬ 
stance, a 6-megohm termination re¬ 
sistance provides the most satisfac¬ 
tory performance. (It should be 
noted that the lOO-^t/xf capacitance 
of the vtvm leads has doubled the 
effective generator capacitance.) 
Where such high termination resist¬ 
ance is not desirable, it is permis¬ 
sible to connect a 0.0008-microfarad 
capacitor across the PN pickup. 
This expedient results in a 15-db 
drop in the output voltage, but good 
performance can then be obtained 
with a 1.0 megohm termination re¬ 
sistance or potentiometer volume 
control. 

Pickup input circuits of the sim¬ 
ple potentiometer type do not, in 
general, provide completely satis¬ 
factory performanee, but they can 
be employed in low-cost sets. 

Lew«Preq«eacy Coiapeataflen 

One of the earliest circuits em¬ 
ployed for low-frequency compensa¬ 
tion in piezoelectric pickups is 
shown in Pig. 6. The pickup is 
shunted by a series combination of 
capacitor C, and resistor i?«. At low 
frequency, A. is less than the ca¬ 
pacitance of C„ and therefore R% 


can be neglected. Co, Ci, and C^ form 
a capacitive voltage divider which 
reduces the low-frequency response 
evenly without frequency discrim¬ 
ination. At higher frequency, Xv < 
R, and the effects of the capacitor 
become gradually less important. 
In the design of this circuit, C« can 
be calculated from loss = 20 log 
(1 4- (Ci/C)] db, where C is the 
sum of the capacitances of pickup 
and cable, (Co 4- Ci), based upon 
the desired low-frequency loss is 
adjusted to equal Xa at the fre¬ 
quency above which compensation 
is no longer desired. 

Because of changes of capaci¬ 
tance of x-cut rochelle salt crystals 
with temperature, low-frequency 
compensation can vary several dec- 
ibles over the temperature range 
of 76^ to 90** F; however, if PN 
crystals are used this is not en¬ 
countered. On the other hand, this 
circuit has the advantage of not 
being adversely affected by cable 
capacitance between the parallel 
branch and the volume control. 

Figure 6 shows the Audiotone 
record response of a Shure PN-87 
pickup cartridge connected to a net¬ 
work having the indicated circuit 
components. Response of this cir¬ 
cuit matches well the playback char¬ 
acteristic of the Audiotone record 
adjusted to the N.A.B. Standard 
Characteristic. 

Another low-frequency compen¬ 
sating circuit, introduced by the 
writer several years ago for use 
with rochelle salt crystal pickups, is 
shown in Fig. 7, It consists of a 
parallel combination of a capacitor 
Cri and a resistor connected in 
series between pickup and volume 
control. This circuit presents a high 
impedance to the crystal at low fre¬ 
quency and therefore diminishes 
the effects of capacitance-temper¬ 
ature variations. In computing this 
circuit, Rn and Ri are treated as a 
voltage divider at low frequency. 
X(» is then made equal to R» at the 
frequency above which compensa¬ 
tion is no longer desired. Stray ca¬ 
pacitance Cl and Cz should be kept 
to a minimum to avoid a shunting 
effect upon Ri at high frequency. 

By the way of example, Fig. 7 
shows the response-frequency char¬ 


acteristic of a Shure P-87 pickup 
employing a version of this circuit 
in which the network elements have 
the indicated values. By compari¬ 
son with the N.A.B. Standard 
shown in broken line, it is seen that 
the two are in substantial agree¬ 
ment. 

Hleh-Fr«qu«iicy Comp^mafioii 

Because the recording character¬ 
istic varies from one record to an¬ 
other, it is not feasible to specify 
with precision what response is apt 
to produce the most faithful repro¬ 
duction. As has been pointed out, 
records appear to produce best fidel¬ 
ity when the response above 1,000 
cps is fiat on a constant velocity 
basis. Some of the newer record¬ 
ings provide excellent results when 
played with a pickup adjusted in 
accordance with the N.A.B. Stand¬ 
ards. For maximum flexibility, it 
appears best to have a pickup with 
an inherent high-frequency re¬ 
sponse somewhat higher than that 
required by the N.A.B. Standards. 
This response can be lowered, if 
necesvsary, by means of a conven¬ 
tional tone control circuit incorpo¬ 
rated in later stages of the ampli¬ 
fier. 

The high-frequency range most 
acceptable to the listener is deter¬ 
mined, to a large extent, by sur¬ 
face noise. The surface noise en¬ 
ergy content for various recording 
materials is shown in Fig. 8*. Sur¬ 
face noise energy is distributed 
over practically all of the audible 
range on the basis of approximately 
equal energy content per cycle. 
Therefore, the effects of surface 
noise can be eliminated most easily 
by removing the higher end of the 
frequency spectrum, which contains 
the most surface noise energy per 
octave in the range where the ear 
is most sensitive to low level sounds. 

Llffmer Tetft 

Distortion is another factor 
which has an important bearing 
upon the optimum high-frequency 
cut-off of the pickup. The origin of 
this distortion is (a) the relatively 
lar^re radius of needle tip required 
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to track properly .in conventional 
record groove®, (b) distortion in¬ 
herent in the process of duplicating 
commercial records, and (c) distor¬ 
tion which takes place in playback 
equipment. Distortion due to these 
causes can attain values as high as 
15 to 20 percent on a direct meas- 



FIG. 8—^En*rgy 1 «to 1 per cycle of noise 
for various types of record material 

urement basis (not including in¬ 
termodulation effects). Removal of 
response at high frequency is in¬ 
strumental in reducing the annoy¬ 
ance caused by this type of distor¬ 
tion. 

The author has conducted a num¬ 
ber of tests to determine the prefer¬ 
ence of listeners to high-frequency 
cut-off in the reproduction of home 
records. The tests were given to 100 


non-technical listeners, and to over 
100 radio engineers.® While a de¬ 
scription of these tests is outside 
the scope of this article, the results 
given in Table I, although not con¬ 
clusive, indicate that in the repro¬ 
duction of home records, response 
above 5 kc exaggerates the effects 
of surface noise and distortion out 
of proportion to the improvement in 
fidelity. High-frequency cut-off can 
be obtained through the use of spe¬ 
cially designed needles, or it can 
be obtained electrically with con¬ 
ventional low-pass filters. 

The situation is, of course, totally 
different in the reproduction of 
broadcast-type transcriptions pro¬ 
duced on low surface noise material 
and carefully processed to keep the 
sources of distortion to a minimum. 

The author is grateful to the 
following persons for helpful dis¬ 
cussion and for information regard¬ 
ing response characteristics: J. 
Dickert of Decca Records, Inc.; 
W. R. Dresser of the Audio-Tone 
Oscillator Company; H. S. Knowles 
of the Jensen Radio Corp.; V. J. 
Liebler of Columbia Recording Cor¬ 
poration ; R. A. Miller of Bell Tele- 


TABLE I--.PREPBRRED HIGH- 
FREQUENCY CUT-OFF 


Cut-off 

Non-tseb. Tschnicdl I 

Frsqusncy 

Littonsrt 

Litfsnsrt 

3.000 ept 

71% 

13% 

5,000 cpf 

21% 

58% 

abovs 5,000 cpi 

«% 

2»% 


phone Laboratories; A. A. Pulley 
and H. I. Reiskind of the Radio 
Corporation of America. 
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Automatic Gain Control and Limiting 


An age amplifier regulates the audio signal applied to a peak limiter so that the output 
is held constant to provide a high percentage of modulation in a transmitter or high level 
for recording or public address* A memory circuit holds the gain constant for a predeter¬ 
mined time to preserve dynamic range of program 

■E william M. JUREK me JOHN H. OUENTHER 


T he automatic gain control and 
limiting amplifier (Progar) to 
be described was designed to bridge 
the gap between the physical limi¬ 
tations of broadcasting, recording, 
and public address equipment and 
the ability of operating personnel 
to maintain an efficient program 
level within these limits. 

In broadcasting, dynamic limits 


are sometimes exceeded because of 
an operator's desire to maintain a 
high percentage of modulation at 
all times. Early attempts to allevi¬ 
ate this situation made use of peak 
limiting or compressor amplifiers at 
the transmitter. Unfortunately, this 
led to relaxing of critical monitor¬ 
ing. Operators relied upon the peak 
limiter to maintain a high average 


percentage of modulation, disre¬ 
garding the fact that this statement 
holds true only when the proper 
signal level is fed into the peak lim¬ 
iter. 

The Langevin 119-A unit was de¬ 
signed to be inserted between stu¬ 
dio audio facilities and the trans¬ 
mitter. (Several have also been 
built by Royal S. Howard of the 
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Associated Broadcasting Company 
in San Francisco.) Figure 1 shows 
the sections into which it is divided, 
consisting essentially of an auto¬ 
matic gain control or guardian am¬ 
plifier that provides a regulated 
audio flow and an improved type ol 
peak limiter amplifier. 

The input signal is first fed into 
the guardian amplifier and from 
there branches into two circuits, 
part going to the peak limiter and 
part going into the rectifying and 
memory circuit. The output of the 
rectifying and memory circuit con¬ 
trols the gain of the guardian am¬ 
plifier. The output of the limiter 
also branches into two circuits, part 
going to the output load and part 
fo the rectifier and bias control cir¬ 
cuit which provides fast gain reduc¬ 
tion action of the peak limiter am¬ 
plifier. 

Figure 2 shows the combined ac¬ 
tion of the guardian and limiter 
circuit. The lower graph represents 
the guardian action. The vertical 
axis represents the peak value 
of the input signal, and the hori¬ 
zontal axis represents the peak 
value of the signal at the output of 
the guardian circuit, which is also 
the input to the peak limiter. The 
vertical axis of the upper graph 
represents the peak value of the out¬ 
put signal. 

Goin Control Action 

The input controls are adjusted 
so that the average peak input sig¬ 
nal is —31 db. The average peak 
into the limiter occurs at point A, 
which is at the knee of the curve, 
and the average peak output is -f22 
db, which is made equivalent to 80 
percent modulation. As the body of 


the program material falls below 
the average peak, the full dynamic 
range of the material is reproduced 
due to the linear action of both 
amplifiers. Any transient peaks 
above the average peaks are com¬ 
pressed in the limiter section. 

If the average peak value of the 
input should increase and remain 
there for any reason, as from —31 
db to ~ 21 db. the input to the lim¬ 
iter will increase to B and the aver¬ 
age peak output will be -f23 db, or 
90 percent modulation. Under this 
condition, part of the* body of the 
program below the average peaks 
will be compressed in the limiter. 
The gain of the guardian amplifier 
is then reduced to the —10 db con¬ 
trol line so that the increased input 
produces an output from the guard¬ 
ian back at A, and the output from 
the limiter is again back at -}-22. 
The time for the guardian section to 
decrease its gain is much slower 
than the limiter attack time but is 
still too fast to be detected by the 
ear. 

If, while the limiter is in this 
condition, the operator changes the 
input level back to normal (to —31 
db), the input to the limiter will 
drop to C and the output signal to 
-{-12 db. The guardian section does 
not act immediately, but the mem¬ 
ory circuit holds the gain constant 
for a predetermined time and then 
allows the gain to increase gradu¬ 
ally to normal as represented by the 
zero control line. This wait time is 
relatively long and in present mod¬ 
els is adjustable from 2 to 8 sec¬ 
onds. This long delay is provided to 
allow for station breaks and fade- 
outs as used in dramatic shows. If 
the action were extremely fast, the 



FIG. 2—Circuit action ol tho combined 
amplifier! at varioui levels 


amplifier would try to maintain 
constant output continually and de¬ 
stroy the dynamic range of the pro¬ 
gram. 

Should the average peak input 
signal level drop below its normal 
value, as from —31 to —41 db, with 
the corresponding output of +12 
db, the guardian amplifier gain will 
again be held constant by the mem¬ 
ory circuit for the predetermined 
time and will then slowly increase 
to the +10 db control line, bringing 
the output of the guardian amplifier 
back to normal. Upon restoring 
the input signal to normal again, 
the input to the limiter will be at B, 
and the limiter will instantly re¬ 
duce this increased input signal to 
a safe output value until the guard¬ 
ian gain changes again. 

The combination of the two am¬ 
plifiers maintains a steady audio 
flow into the transmitter at all 
times. As is seen from the lower 
graph in Fig. 2, the gain-changing 
action of the guardian amplifier is 
not strictly of the compressor type, 
due to the action of the memory 
circuit. Therefore, even though the 
average dynamic range is changed, 
as it will be in any gain-changing 
amplifier, the dynamic expression is 
not affected. 

Cireeit 

Figure 8 shows a schematic of the 
complete unit. The audio section of 
the amplifier consists of four push- 
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pull cascade stages with trans¬ 
former input and output. The first 
two tubes are the guardian control 
section; the second stage is the lim¬ 
iter amplifier control section; the 
third stage is the linear amplifier 
section; the fourth stage is the 
power output section. 

The control circuit for the guard¬ 
ian section consists of a two-stage 
resistance-coupled pushpull linear 
amplifier operating into a full-wave 
rectifier. The output of the rectifier 
feeds an RC circuit which builds 
up the d-c potential in proportion 
to the incoming program level. A 
portion of this potential is fed 
through the conducting diode, 
into capacitor Cm- The voltage 
across Cm is then fed into the guard¬ 
ian amplifier control tubes. With 
the correct input signal applied to 
the tubes (—81 db), the bias of 
the tubes is established by the con¬ 
trol circuit, mentioned above, to set 
the gain of the tubes in the center 
of the operating range. The pur¬ 


pose of this condition is to allow the 
tubes to increase or decrease ampli¬ 
fication by approximately 15 db, 
thereby effecting the age action. 

If the incoming signal should be 
increased, additional potential is 
developed in the first RC circuit of 
the control section. Portions of 
this voltage are almost instantly 
transferred through conducting di¬ 
ode into C*, increasing the con¬ 
trol voltage on the tubes and 
thereby reducing the gain of the 
first stage and reducing the signal 
to the proper level going into the 
second stage. This circuit may be 
referred to as a reverse-acting con¬ 
trol circuit whereby the operation 
of the circuit depends upon permis¬ 
sible error, which in this case is 
1-db change in the output for a 
10-db change in the input. There¬ 
fore, the action taken by the control 
circuit must be such that it pro¬ 
duces enough control signal to re¬ 
duce the incoming signal 9 db with 
only a 1-db increase in the output. 


If the average peak of the input 
signal should drop from its normal 
value, the charging voltage will be 
reduced across Cm. If the signal is 
slightly reduced, no effective change 
will be produced on C® because this 
capacitor may only be charged by 
Piajr, or discharged by and then 
only if the voltage of C- equals the 
voltage of C»,. 

This circuit is the heart of the 
guardian circuit, and is referred to 
as the memory circuit. This ex¬ 
plains the reason why during a sym¬ 
phony concert the pianissimo pas¬ 
sages are not affected, as .some por¬ 
tions of it keep the first RC (Cj,,) 
charged sufficiently so as to prevent 
C,j from being discharged, thereby 
keeping the gain constant in the 
guardian circuit. Should the pro¬ 
gram drop completely, capacitor C», 
would start discharging because no 
signal is being fed into the control 
circuit. As soon as the voltage 
across equals the voltage across 
Coa, the conducting diode (Fm) 
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would start discharging Ca at the 
same rate along with Can. This would 
reduce the control voltage, allowing 
the gain to increase in the guardian 
stage. This gain will increase to 
the limit determined by the setting 
of the guardian increase limit con¬ 
trol. The purpose of the guardian 
increase limit control is to limit the 
maximum gain of the control am¬ 
plifier when no signal is present. In 
average studio conditions, a 5-db 
limit is recommended. Ten and 
15-db limits are provided for unat¬ 
tended service if the noise level of 
the preceding equipment will allow 
this additional gain. 

A Guardian Action Disabling 
switch is provided for testing this 
circuit for normal gain conditions 
and for tube balance checks. This 
switch substitutes a fixed bias in 
place of the control circuit bias. 

Guardian action is observed by 
measuring the combined plate cur¬ 
rents of the guardian control tubes. 
This measurement is only rela¬ 
tive as it measures the plate cur¬ 
rent of the tubes and is cali¬ 
brated in terms of audio signal. A 
calibration control is provided to 
set the meter at zero position when 
the guardian action switch is in the 
disabled position. 

The peak limiter section is com¬ 
posed of the last three pushpull 
stages, with a biased diode rectifier 
connected across the output. This 
rectifier rectifies a portion of the 
output voltage whenever that volt¬ 
age exceeds the predetermined 
amount and applies that rectified 
voltage as a bias to the limiter in¬ 
put stage. 

The limiting action is also a re- 
verse-acting control circuit, and is 
designed to operate at a 10:1 con¬ 
trol ratio, whereas a 10-db increase 
in input signal produces only a 1-db 
increase in output signal above the 
predetermined peak value. 

The output of the guardian sec¬ 
tion is so adjusted that when the 
limiting control is in the zero posi¬ 


tion no limiting action takes place 
on normal program material. Due 
to the slow attack time of the guard¬ 
ian circuit normal transients ap¬ 
pearing in the signal have no effect 
on the guardian control circuit and 
are passed on to the limiting section 
where they are reduced by the con¬ 
trol action of the limiter. This also 
explains why steep wave front tones 
such as certain piano tones and 
cymbal crashes have little or no 
effect on the guardian action, and if 
dangerous to the transmitter are 
reduced to a safe value by the limit¬ 
ing action. 

Circuit Trocking 

Reverse-action control circuits 
were selected for both of the control 
circuits in place of forward-acting 
control circuits because of the ex¬ 
tended range of control without cut¬ 
ting off the amplifier. Forward-act¬ 
ing circuits give difficulty in main¬ 
taining the control action over a 
range greater than 13 db. After 
that point, they have a tendency to 
cut off the controlled amplifier com¬ 
pletely, thereby producing notice¬ 
able holes in the program material 
if the peaks should exceed the nor¬ 
mal operating range encountered in 
practice. 

The forward-acting control cir¬ 
cuits receive their control voltage 
from the input of the amplifier and 
must develop the control voltage 
that will track along with the con¬ 
trol action of the variable-gain 
tubes. The control circuit rectifiers 
produce a voltage that is linear to 
the input voltage, while the con¬ 
trolled tubes require a logarithmic 
voltage. Therefore, the tracking of 
a forward-acting circuit is difficult 
to control over an Extended range. 

In the reverse-acting control cir¬ 
cuit, tracking is no problem as the 
circuit is selfbalancing, working on 
permissible error, and control ac¬ 
tion is automatically extended be¬ 
yond the required 80 db. 

Semifixed and variable attenua¬ 


tors are provided at the input and 
output to adjust the input signal 
and provide the unit with the 
proper input signal of —81 dbm (db 
referred to a zero level of 1 milli¬ 
watt), and to adjust the output of 
4“ 22 dbm to correspond to 80 per¬ 
cent modulation at the transmitter. 
These input and output levels must 
be established before putting the 
unit into operation. 

Semifixed pads with a 40-db range 
are provided at the input and 
output to allow the unit to be sub¬ 
stituted in place of the conventional 
line or program amplifier or in¬ 
serted as a zero-gain device at the 
transmitter audio input. 

Common Powor Soureo 

The power supply is conventional 
with VR regulator tubes stabilizing 
the critical voltages such as the 
guardian circuit and the limiter di¬ 
ode bias. It is recommended that 
the power supply be operated from 
the dame a-c power source as the 
modulating stage of the transmit¬ 
ter. This is to allow for the varia¬ 
tions in the line voltage that will 
change the modulation capabilities 
of the transmitter and will also 
change the output capabilities of 
the Progar, and will therefore main¬ 
tain a uniform maximum operat¬ 
ing point of both units simultane¬ 
ously. If a well-regulated power sup¬ 
ply is used, a constant fixed output 
will be maintained, and as the line 
variations affect the modulation 
capabilities of the transmitter the 
full benefits of the control action 
could not be utilized. 

For network operation, it is ad¬ 
visable to use one unit at the studio 
with the limiter action disabled, and 
a second unit at the transmitter 
with the guardian action disabled. 
The reason for this recommendation 
is that if the two limiters are used 
in cascade with different release 
times, a pumping action will be no¬ 
ticeable on some program material. 



AUDIO 


57 


Dynamic Suppression of Phonograph Record 


Noise 


By controlling the bandwidth of an audio amplifier automatically in accordance with 
the characteristics of the recorded music, suppression of high and low-frequency noise 
may be achieved without noticeable injury to the realism of reproduction 


T he host obvious shortcoming 
of ordinary reproduction of 
music from phonograph records is 
the presence of the high-frequency 
background noise level caused by 
minute irregularities on the sur¬ 
face of the record. Although this 
noise is more or less random in 
character, the most annoying part 
of it is concentrated in the same 
frequency range as the upper musi¬ 
cal harmonics. Any attempt to re¬ 
duce it has heretofore been accom¬ 
panied by a serious attenuation of 
these harmonics and often of some 
of the higher musical fundamentals 
also. 

For years, it has been recognized 
that the most satisfactory simple 
means of controlling noise is by 
controlling bandwidth, using as 
sharp a cutoff as possible beyond 
the desired band and a minimum 
of attenuation within the band. The 
reproduction of phonograph rec¬ 
ords represents about the only 
phase in the field of electrical re¬ 
producing where this precept has 
been generally disregarded. Inhere 
are several reasons for this. One is 
that the commonly used crystal 
pickup, when operated into a high- 
resistuice load, provides conven¬ 
iently a drooping frequency char¬ 
acteristic or high-frequency roll¬ 
off without the use of any addi¬ 
tional parts. Another is that pho¬ 
nograph records have been made 
with various degrees of high-fre¬ 
quency preemphasis, and a single 
tone control adjusting the rate of 
rolloff can be used either to com¬ 
pensate for the recording charac¬ 
teristics or to reduce noise, the lat¬ 
ter of course always at the expense 
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of fidelity. The third and perhaps 
most important reason is that a 
sharp cutoff frequency sufBciently 
low to reduce the noise level ap¬ 
preciably makes such a deep excur¬ 
sion into the range of lower over¬ 
tones and higher fundamentals of 
the music as to produce an ex¬ 
tremely unnatural and mechanical 
quality at high volume levels. 

To a secondary degree there are 
also present low-frequency noises 
or rumbles, which may be in either 
the record or the turntable, and 
which are noticeable during soft 
passages which do not contain many 
low frequencies. The present tend¬ 
ency to use large amounts of bass 
boost or automatic low-frequency 
compensation greatly exaggerates 
any rumble that may be present. 

High-frequency and low-fre¬ 
quency noises are present at sub¬ 
stantially constant level during the 
playing of a record. Hence they are 
most noticeable during soft pas¬ 
sages and least noticed (often 
masked completely) during loud 
passages. The noise suppressor de¬ 
scribed in this paper is a device 
which controls the bandwidth of 
reproduction automatically and con¬ 
tinuously as a function of the vol¬ 
ume and frequency characteristics 
of the music, extending the band 
during the loud passages and con¬ 
tracting it during the low-levd por¬ 
tions^ the variation in bandwidth 
being independently controlled at 
both ends of the qpectrum. Thus 
the noise is reduced when it 
would be most noticeable, and full 
bandwidth is used when it is most 
necessary, at high levels. This au¬ 
tomatic contraction and extension 


of the bandwidth has but a neg¬ 
ligible effect on the apparent 
realism of reproduction, because of 
the threshold characteristic of the 
ear and the distribution of energy 
in musical sounds as described be¬ 
low. 

Music md Hearing 

Curve a in Fig. 1 shows the 
threshold of hearing’ for an aver¬ 
age person, in terms of frequency. 
Sounds below this curve are inaud¬ 
ible. The distribution of the most 
probable amplitudes of the various 
frequency components involved in 
typical orchestral music* is shown 
by curve b. This may be moved up 
and down by varying the volume 
level of the reproduction as shown 
in curve c, but it will be noted that 
it always intersects curve o at 
definite points in both the low and 
high-frequency ranges. For any 
particular position of curve c and 
for the type of signal represented 
by curve c, all frequencies above 
and below these high and low-fre¬ 
quency limits, respectively, may be 
neglected so far as being of any 
importance to the listener is con¬ 
cerned, since he will not be able to 
hear them. 

As a practical matter, if the re¬ 
duction of volume is obtained by 
the musicians playing more softly, 
the shape of curve c will actually be 
altered to something more like 
curve d, showing still greater re¬ 
duction in amplitude at the higher 
frequencies. This is the result of 
the well known fact that most musi¬ 
cal instruments produce purer 
tones (less harmonics) when played 
softly than when played loudly. It 
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FIG. 1—^Typical threshold of hoaring (a) and moit probablo 
distribution of frequency components in music at high lerels 
(b)« with Tolttnie control turned down (c) ond with orchettro 
playing softly (d) 


FIQ. 2—^Relative noise level per cycle bandwidth ot high and 
low frequencies, when reproducing shellac records with and 
without dynamic noise suppressor. Shaded oreos represent 
degree of noise reduction 


will be noted that at low levels 
curve d may cross the threshold 
curve at a high-frequency limit as 
low as 2600 cycles. 

Theoretically, then, when listen¬ 
ing to low-level orchestral music 
of the type indicated, insertion of a 
2600-cycle low-pass filter will pro¬ 
duce little or no change which is 
obvious to the listener. This is 
actually borne out by listening 
testa. But the introduction of the 
filter results in a tremendous de¬ 
crease in needle scratch. This is 
true because most of the scratch 
noise is high-frequency noise and 
its level is well above the threshold 
of hearing. 

A similar situation exists at the 
low-frequency end of the range. 
Here again, reproduction of those 
components which fall below the 
threshold of hearing results in no 
worthwhile improvement in the 
quality of the signal but may cause 
rumble noise which is considerably 
louder than the^desired signal com¬ 
ponents. 

If, therefore, some system is de¬ 
vised which automatically cuts off 
sharply in response characteristics 
for the ranges including those com¬ 
ponents of a signal which ^re at 
too low a level to be heard, the ap¬ 
parent quality of reproduction will 
not suffer, and the signal-to-noise 
ratio will be improved to a worth¬ 
while degree. The present state of 
the electronic art allows practical 


accomplishment of this objective in 
several different ways, with vary¬ 
ing elaborateness of equipment. 

Dggraa of Noito Roduetioii 

The amount of audible noise re¬ 
duction obtained with the system 
under discussion is difficult to ex¬ 
press in simple terms, since it de¬ 
pends so much upon the high-fre¬ 
quency hearing of the individual, 
the effect of auditory masking of 
the small remaining noise by the 
music signal, and various psycho¬ 
logical factors dealing with annoy¬ 
ance and personal preference. 

A relatively simple system can be 
made to give more than 20-db at¬ 
tenuation to high-frequency and 
low-frequency noise, with substan¬ 
tially no attenuation within the 
pass band. A narrow band of noise 
i.s all that is left, and it is so situ¬ 
ated (in shellac records) that it 
coincides with the point of mini¬ 
mum noise energy. It also lies 
within the musical spectrum, so 
that it is easily masked by even 
low-level music. In general terms, 
it may be said that the suppressor 
reduces the noise level from a point 
where it is distinctly annoying to a 
point where it is practically diml- 
nated on the best records and prac¬ 
tically unnoticeable on the worst 
records. 

The only fair proof of the effec¬ 
tiveness and true value of the dy¬ 
namic noise suppressor is in actual 


listening tests. Figure 2 has been 
prepared in an attempt to give a 
graphical portrayal of the amount 
of noise reduction. Curve A rep¬ 
resents typical noise level per cycle 
bandwidth on a standard-grade 
shellac record." The variation 
among records is very great, and 
while some high-quality records, 
particularly of the Vinylite type, 
may be noticeably quieter, many 
records, particularly if at all worn, 
produce far higher noise levels in 
the high-frequency range. 

Curve A represents the relative 
noise level at various frequencies 
in terms of power level, as repro¬ 
duced with a flat overall character¬ 
istic from a constant-velocity re¬ 
cording. The total area C plus D 
under curve A represents the total 
noise, since a linear frequency 
scale is used. Similarly, curve B 
represents the remaining noise 
spectrum when using the dynamic 
noise suppressor and the area D un¬ 
der this curve represents the re¬ 
maining noise energy. Visual com¬ 
parison of the area D with the 
total area C plus D gives some idea 
of the amount of noise reduction 
obtained on the physical basis of 
overall noise energy. It will be 
noted that the area C, representing 
the amount of noise eliminated by 
the dynamic noise suppressor, com¬ 
prises all but a very small portion 
of the total noise energy, and that 
the most annoying noise, which 
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occurs in the hij^her frequency 
ranges, is eliminated entirely. 

Preemphasized recordings have 
been used increasingly in recent 
years as a means of obtaining an 
improved signal-to-noise ratio. 
While record companies have not 
published data as to the exact 
amount of preemphasis used, indi¬ 
cations are that 9 db at 8000 cycles 
is typical of records which have 
been widely sold. If the reproduc¬ 
ing system is provided with an 
equivalent amount of deemphasis, 
the curve A becomes the curve jE*, 
and curve B becomes curve F. The 
total area H plus G represents the 
total noise, while G represents the 
relatively large proportion elimi¬ 
nated by the suppressor and H is 
the relatively small amount of re¬ 
maining noise, which is even 
smaller than the e(iuivalent area D 
without preemphasis. 

Figure 2 shows also the low-fre- 
((ucncy noise taken from Bauer’s 
data (which were on a constant- 
velocity basis), adjusted for the 
normal reproducing characteristic 
used with a 500-cyclo turn-over 
point between constant-amplitude 
and constant-velocity recording. It 
should be noted that the scales for 
the low-frequency chart are differ¬ 
ent from the high-frequency charts 
in order to provide satisfactory 
illustration of the noise-reduction 
effect. The break between the low 
and high-frequency charts was 
positioned at 600 cycles, which is 
a conventional crossover point in 
recording characteristics. It will 
be noted from curve J that low- 
frequency noise increases rapidly 
below 200 cycles, reaching a power 
level 1000 times as high at 50 cycles 
as at 1000 cycles, and still 100 times 
higher at 30 cycles. This illustrates 
why many record-reproducing sys¬ 
tems have incorporated low-fre¬ 
quency cutoff circuits to reduce 
rumble trouble and acoustic feed¬ 
back. 

The action of the noise suppres¬ 
sor is the opposite of the low- 
frequency noise characteristic in 
that the noise attenuation increases 
as the frequency is decreased. Con¬ 
sequently, the remaining noise is 
approximately as shown by curve 


K, and is negligible at even very 
low frequencies. The total area L 
plus M represents the total low- 
freciuency noise, the area L being 
that eliminated by the suppressor, 
and the area M representing the 
remaining noise. It will be noted 
that M represents a negligible part 
of the total noise area. Use of the 
suppressor is consequently of tre¬ 
mendous benefit in systems having 
extended or boosted bass response, 
and the suppre.ssor becomes more 
important as the bass response is 
improved. 

Aurol Balonce 

There is a further important 
advantage in the simultaneous con¬ 
trol of the low and high frequencies 
which is totally independent of the 
noise-suppression effect but is of 
prime importance in presenting 
what to the ear appears to be con¬ 
stant reproduction of a wide fre¬ 
quency range. 

It is well known that restriction 
of one end of the frequency range 
is le.ss noticeable if the other end 
of the range is also restricted, thus 
maintaining substantially constant 
the product between the high-fre¬ 
quency and the low-frequency cut¬ 
offs of the system. Of course, if 
the noise-suppression .system were 
perfect, and the frequency ranges 
attenuated always fell beyond the 
range of audibility, the question of 
maintenance of aural balance would 
be of no importance, since, so far 
as the ear could determine, there 
would be no restriction of the fre¬ 
quency range. As a practical mat¬ 
ter, however, this theoretically 
ideal condition is not always 
obtained. 

Many people like to operate their 
radios or phonographs at a fairly 
high level, and, particularly where 
a high degree of compression is 
used in the transmission or the 
recording, the low-level portions of 
the program may be heard at a 
higher level than normal. This is 
also true for people sitting unusu¬ 
ally close to the loudspeaker when 
the volume is adjusted for satis¬ 
factory level in a fairly large room. 
Under either of these conditions, 
the range during the low-level por¬ 


tions of the program may be re¬ 
stricted somewhat within the 
audible limits. Also, all program 
material will not follow exactly the 
actual frequency distribution of the 
curve d of Fig. 1. In fact, the 
actual frequency distribution of the 
music is constantly varying not 
only from orchestra to orchestra 
or from instrument to instrument, 
but also from instant to instant. 
Any curve such as those of c or d, 
therefore, represents merely an 
average' condition. 

Since? these particular curves are 
based upon most probable levels, 
variations will normally fall below 
the curves, but occasionally varia¬ 
tions will fall above the curves, and 
under these conditions also, if the 
variations occur at very high or 
very low frequencies, the aural bal¬ 
ance might be up.set. Independent 
control of low-level high-frequency 
cutoffs provides best fidelity for a 
wide range of signal types and best 
aural balance for variations in 
listening condition.s. 

A third condition goes back to 
the generally accepted reaction of 
the average listener in regard to 
noise versus high fidelity. Under 
conditions where a choice between 
fidelity and noi.se must be made, 
the listener will generally choose 
that condition which keeps the 
noise level practically inaudible 
during the actual program. With 
extremely noisy record.s, this may 
make desirable the .setting of the 
control and gate circuits so as to 
provide somewhat greater fre¬ 
quency-range restriction, particu¬ 
larly at low levels, than that 
implied from theoretical consider- 
ation.s of curve.s n and d. 

These conditions indicate the 
desirability of a system controlling 
both low and high frequencies, a 
desirability sufficiently great, in 
fact, to warrant control of both 
ends of the frequency spectrum 
even under conditions where noise 
is encountered at only one end. 

Gate ond Contrpl Cireuitt 

The heart of the noise-suppres¬ 
sion system is a controlled bandpass 
filter known as the gate circuit. It 
has extremely sharp cutoff charac- 
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teristics, particularly for the elim¬ 
ination of high-frequency noise. 
For varying applications, depend¬ 
ing upon the t 3 rpe of signal and 
the type of noise, lowpass, band¬ 
pass or band-elimination charac¬ 
teristics may be desired. For the 
disc record application a bandpass 
characteristic is preferred, with a 
sharp cutoff at the high-frequency 
end. The sharpness of the low- 
frequency cutoff is of somewhat 
less importance, but a slope steeper 
than that obtained with the ordi¬ 
nary single-stage R-C tone control 
is desirable. The gate circuit is 
capable of rapid control without 
introducing audible thumps into 
the output. 

The control circuit which actu¬ 
ates the gate circuit adjusts inde¬ 
pendently and continuously both 
high and low cutoffs of the system, 
80 that they always coincide with 
the respective points of intersection 
of the curves for the threshold of 
audibility and the frequency distri¬ 
bution of the particular signal. The 
control must be sufficiently fast to 
permit satisfactory reproduction 
of transient sounds and to follow 
each individual note in the music, 
so that noise shall not be heard 
in the background between adja¬ 
cent notes in music of a staccato 
or percussion character, such as 
from the piano. When properly 
operated, the system shows no 
noticeable evidence of a rising and 
falling background noise varying 
in accordance with the musical 
signal. 


The noise levels encountered in 
the upper and lower frequency 
ranges over which the cutoffs may 
be varied are considerably higher 
than the musical components exist¬ 
ing in those ranges, except during 
a small portion of the playing time. 
Consequently the sensitivity of the 
control circuit must be reduced in 
the ranges over which the cutoffs 
are controlled in order that control 
shall reside in the signal, rather 
than in the noise or rumble. This 
is very satisfactorily arranged 
when the reproduced signal is 
music, since the extremely high 
harmonics exist only with funda¬ 
mentals of somewhat lower 
frequency, and control of the high- 
frequency cutoff can be exercised 
in accordance with musical compo¬ 
nents below the controlled range. 
Similarly, the deep bass fundamen¬ 
tals are accompanied by harmonics 
of appreciable amplitude which 
may be used to control the low- 
frequency cutoff. 

Fr«cflc«l Equipmesf 

The noise suppressor for home 
phonograph use involves only three 
vacuum tubes, two in the gate cir¬ 
cuit and one in the control circuit, 
and this third and latter tube may 
often be combined with one of the 
tubes already in the set. Further¬ 
more, the gate circuit may be made 
with an adjustable maximum band¬ 
width or rolloff and thus may be 
used to replace some of the usual 
tone-control circuits in the receiver 
and the 10-kc whistle filter for a-m 


reception, so that the additional 
parts required to include the sup¬ 
pressor in a radio-phonograph are 
few in number. 

Further elaboration of the gate 
and control circuits will produce 
many advantages such as wider 
frequency range, lower distortion, 
lower hum level, greater flexibility 
of control, and the ability to cope 
satisfactorily with a wider range 
of signal and noise types. The first 
three of these characteristics are 
of relatively little importance in 
home radio-phonograph, since even 
the simpler circuits exceed the 
normal requirements of home radio- 
phonograph design in these re¬ 
spects. The other improvements 
involve too many extra parts and 
tubes for inclusion in the average 
home receiver. On the other hand, 
for broadcast applications, the best 
possible performance is more im¬ 
portant than the actual cost of the 
equipment, and for these applica¬ 
tions, a considerably more elaborate 
form of the noise suppressor has 
been designed and is pictured here. 
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Dynamic Noise Suppressor 

Complete technical details of a system that provides essentially noise-free reproduction 
from phonograph records and transcriptions. Circuits are given for a 2-tube phonograph 

version and a lO-tuhe broadcast model 


A dynamic band-pass system 
for separating signals from 
noise, as exemplified in the dynamic 
noise suppressor described here, 
provides what many consider the 
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most satisfactory method of utiliz¬ 
ing the maximum frequency range 
of a modem phonograph record or 
transcription while minimizing 
rumble, needle scratch, and other 


extraneous noises usually associated 
with recorded music. 

The dynamic noise suppressor is 
now in regular use in a number of 
broadcast stations, both a-m and 
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FREQUENCY RANGE IN OCTAVES 


FIG. 1—Traasmiulon choracl^rittics 
of dynamic noise supprossor lor con¬ 
ditions ol mojdmum rango oirponsion, 
intormodlato supprosslon. and maxi¬ 
mum suppression 


f-m. The suppressor has also beep 
adopted by several manufacturers 
of high-fidelity radio-phonographs, 
and the circuits are now being en¬ 
gineered into less expensive sets. 

It should not be inferred that 
the system to be described is the 
only one which has ever been pro¬ 
posed. Although little has appeared 
in technical literature, a number of 
investigators have worked on the 
problem. Included among these in¬ 
vestigators are Carlisle, Devine, 
Hammond, Heising, Llewelyn, Ol¬ 
son, and Purington. 

The systems proposed have in¬ 
cluded volume expanders, circuits 
nonlinear with respect to ampli¬ 
tude, and automatic tone controls. 
Some of these have been used in 
commercial equipment. For in¬ 
stance, the volume expander or dy¬ 
namic amplifier was used in certain 
models of RCA phonographs and is 
still used in some public address 
amplifiers. The automatic-tone-con¬ 
trol type of noise-reduction system 
was used for several years in pre¬ 
war receivers manufactured by the 
Scott Radio Laboratories. 

Basically, noise-reduction sys¬ 
tems fall between two extreme 
types—the dynamic band-pass sys¬ 
tem, in which the frequency range 
or pass band is varied in accordance 
with some characteristics of the 
signal, and volume-expander types 
in which the overall amplification 
or gain of the system, either effec¬ 
tive or actual, is increased and de¬ 
creased in accordance with some 
characteristics of the signal. In 
terms of the overall transmission- 
versus-frequency characteristics of 
a system as plotted in a conven¬ 
tional manner with a horizontal 
frequency scale and a vertical 
transmission scale, the dynamic 
band-pass system represents a hori¬ 
zontal change, while the volume-ex- 
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pander system represents a vertical 
change. 

Noise reduction systems may also 
be designated as class A or class G, 
the terminology being borrowed 
from the similar applications in 
amplifiers. A class-A system is one 
in which, except for any fdtering 
action, the output wave-form is a 
replica of the input wave-form. 
Such a system is linear with respect 
to amplitude so far as any cycle of 
the signal wave-form is concerned. 
A class-C system is one in which 
the output current flows only dur¬ 
ing a portion of the cycle of the 
input voltage. For very small in¬ 
put voltages, practically no output 
current will flow, and hence noise 
or signals below a certain level will 
be attenuated. This type of system 
depends upon amplitude nonline¬ 
arity for its noise-reducing action, 
which naturally results in distor¬ 
tion. 

When only a single sine wave is 
being transmitted, the output wave¬ 
form of a class-C system can be re¬ 
stored by means of filters, and 
octave band-pass filters are conven¬ 
tionally used. How^ever, even the 
best octave filter will not eliminate 
many higher-order intermodulation 
products such as 2/x — /a or 2/- — /» 
which may be of considerable mag¬ 
nitude in such a system when re¬ 
producing low-level signals. 

Vertical noise-reduction systems 
include both class-A and class-C 
systems, the former being the 


volume expander in various modi¬ 
fications and the latter utilizing 
biased rectifiers or other barriers to 
obtain a class-C transmission char¬ 
acteristic. 

The first requisite of a noise-re¬ 
duction system is ability to reduce 
noise. To this end it is often de¬ 
sirable to control the transmission 
characteristics in accordance with 
some features of the signals not 
present in the noise. In the dy¬ 
namic noise suppressor and other 
class-A systems this is possible be¬ 
cause the control function may be 
divorced entirely from the con¬ 
trolled circuits. 

Pun aad Switli 

Any noise-reduction system has 
certain limitations. The maximum 
bandwidth should be restricted 
somewhat when the noise level is 
excessive, so that in the loudest 
portions of the signal the noise is 
not heard superimposed on the 
music as a fuzz. A system with 
definite time constants is desirable, 
but if the time constants are made 
too long, loud notes may also be fol¬ 
lowed by an annoying swish. 

Both fuzz and swish may be kept 
at a minimum only when the band¬ 
width transmitted at any instant is 
limited to that required by the sig¬ 
nal. This is possible in the dynamic 
band-pass or horizontal type of 
system. In a vertical system, trans¬ 
mission in an entire frequency band 
increases and decreases as a unit 
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low-freouency gate 
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How It Works 

Sigual-controlled reactance tubes 
in these basic filter circuits act as 
gates that move the ends of the 
audio response curve inward and 
outward continuously and inde> 
pendently to let only the desired 
audio modulation through. 

All noise signals in porticHis of 
the spectrum not having audible 
music components at a particular 
iii>t4ini are suppressed. 

Fiindamentuls of desired high- 
frequency notes are filtered oul 
and rectified by a control circuit to 
change bias and hence capacitance 
of C, in higb-frequeficy gate, and 
hannotiicH of desired low-frequency 
notes siniiiurh var\ inductance 
of L, 


whether or not the entire band is 
required. This causes con-siderably 
more fuzz than in a horizontal type 
of noise suppressor. 

The amount of objectionable fuzz 
is also a function of the smoothness 
with which the transmission char¬ 
acteristic is altered. In this re¬ 
spect, class-A systems are prefer¬ 
able to class-C systems, since with 
the latter the noise tends to pop in 
and out instantaneously at a given 
volume level. 

The class-A horizontal system can 
be designed with an opening time- 
constant sufficiently long to provide 
suppression of loud clicks and simi¬ 
lar transient disturbances, but not 
long enough noticeably to alter the 
reproduction of musical transients 
such as the crashing of cymbals. In 
similar cases where a high degree 
of suppression is used, the closing 
time-constant can be made long 
enough to prevent any effect of 
deadness resulting from removal of 
reverberation. 

In actual practice, the closing 
time-constant is^ adjusted for the 
best compromise between reverber¬ 
ation and freedom from swish. 
Such factors are not controllable in 
the usual class-C noise-reducing 
system which operates instantane¬ 
ously, tending to transmit all loud 
transient noises such as clicks and, 
when set for a high degree of sup¬ 
pression, to remove considerable 
reverberation. 

In the vertical type of class-A 


system (the volume expander), 
such time constants sometimes pro¬ 
vide serious problems in regard to 
the correct reproduction of musical 
transients, but with the class-A 
horizontal system (the dynamic 
noise suppressor), reproduction of 
musical transients is easily accom¬ 
plished since the transmission is 
not altered in the frequency range 
which contributes most to the loud¬ 
ness of the signal. 

P«rforiiionee of Dynomlc Nelt# 
Suppressor 

In general, the dynamic noise 
suppressor causes less difficulty 
with fuzz than other types. It al¬ 
lows complete freedom of choice in 
any compromise which may have to 
be made between loss of reverber¬ 
ation and swish, while simulta¬ 
neously allowing significant reduc¬ 
tion in the amplitude of clicks and 
tran.sient noises as well as the hiss¬ 
ing type of surface noise. If 
volume expansion is desired for its 
own sake, the expander perform¬ 
ance will be noticeably better when 
used with a dynamic noise sup¬ 
pressor, since the resulting reduc¬ 
tion in noise level will tend to elim¬ 
inate swishes resulting from the 
volume expander. 

There are other noise-reducing 
systems intermediate between the 
true vertical and horizontal types 
and operating in much the same 
manner as automatic tone controls; 
in other words, the high-frequency 


FIG. 2—^Bosie goto circuiti uaud to 
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end of the transmission character¬ 
istic is rolled off at a slight angle 
which decreases as the signal ampli¬ 
tude increases. Such systems are 
of the class-A type, but more closely 
resemble the vertical than the hori¬ 
zontal in general performance char¬ 
acteristics. If the noise reduction 
here is sufficient to be worthwhile, 
the change in tonal balance gener¬ 
ally becomes noticeable because of 
the varying attenuation of signal 
components in the middle portion of 
the frequency spectrum. 

While the dynamic noise suppres¬ 
sor makes previously useless 
records usable again, music lovars 
will generally find it an even 
greater advantage on modern high- 
quality records, where the noise 
level is not excessive but is still 
noticeable and annoying. Such 
records have a sufficiently wide 
frequency range to render undesir¬ 
able any noticeable range restric¬ 
tion as a means of reducing noise. 
Playing such records with a wide- 
range dynamic noise suppressor 
eliminates the background noise 
without impairing tonal quality. 

Rpipont# Carves 

The number of circuits which can 
be used to obtain a dynamic band¬ 
pass system is almost limitless, but 
in any practical application it is 
desirable to secure the maximum of 
performance with a minimum of 
cost. It is therefore necessary to 
determine the minimum operating 
characteristics that will provide 
satisfactory performance, and use 
the minimum number of compo¬ 
nents to obtain these character¬ 
istics. 

The first operating requirement 
is a sharp cutoff, particularly for 
the high-frequency gate circuit, 
since the most annoying scratch 
noise is concentrated in the high- 
frequency portion of the spectrum. 
Typical gate circuit curves which 
can be obtained with simple circuits 
and which have proved satisfactory 
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PIG. 3—Circuit of two-tubo dynamic noiso tupproisor at incorporatod In a homo phonograph, with additional ampUfior stag* lor 

coupling cryital pickup to lupproicor circuit 


in actual commercial applications 
are shown in Fig. 1. In normal 
suppressor operation, these are not 
static transmission characteristics, 
but vary rapidly from one extreme 
to the other in accordance with the 
requirements of the music or other 
signal. The vertical scale may 
typically represent 10-db intervals, 
while the horizontal scale may 
typically represent octaves. 

The shape of these curves can be 
controlled considerably by proper 
choice of circuit constants and 
terminating impedances. If the 
shape of the curve in the neighbor¬ 
hood ,of the high-frequency cutoff 
is changed too abruptly, a disagree¬ 
able ringing may result, although 
with a dynamic system much more 
of this can be tolerated than with a 
static system. 

Beyond cutoff, a maximum sup¬ 
pression of approximately 20 db be¬ 
low the normal flat response curve 
provides adequate noise reduction. 
Any further attenuation is defi¬ 
nitely beyond the point of diminish¬ 
ing returns unless the system is 
capable of being adjusted to pro¬ 
vide considerable high-frequency or 
low-frequency boost. 

The function of the low-fre¬ 
quency gate circuit is to suppress 
hum, rumble, and other low-fre¬ 
quency noises and to maintain tonal 
balance, even under conditions of 


extreme noise suppression. A cut¬ 
off sharper than a simple RC or LR 
circuit affords is desirable. While 
exactly the same types of curves 
may be obtained at the low end as 
at the high end if economically 
justified, in practical applications 
the general shapes shown for the 
low-frequency gate are adequate. 
This is partly a result of the gen¬ 
eral nature of low-frequency noises 
—hum, rumble, etc—which tend 
to be harmonic in character rather 
than random. 

High-Fraqiiescy Gofa 

A simple gate circuit that can be 
varied to provide the high-fre¬ 
quency cutoff and attenuation 
curves of Fig. 1 is given in Fig. 2A. 
Such a circuit may be considered 
roughly as a combination of a series 
m-derived and a shunt m-derived 
filter. The points of high attenua¬ 
tion caused by resonance in the 
series and shunt arms do not coin¬ 
cide except momentarily and in a 
random fashion while the cutoff 
frequency is varied by the signal. 
Normally, when the greatest sup¬ 
pression is taking place the points 
of high attenuation are separated by 
an octave or more. 

Varying C, in Pig. 2A changes 
not only the cutoff frequency, but 
also the point of high attenuation 
determined by series resonance be¬ 


tween L, and C. in the shunt arm. 
This provides a sharp cutoff with a 
high degree of attenuation just 
above the cutoff frequency. 

In a practical gate circuit, C, is 
a reactance tube. The series-arm 
parallel resonance between Lx and 
C, provides a fixed point of high 
attenuation which maintains atten¬ 
uation at higher frequencies and 
provides high attenuation above the 
normal operating range or, when 
used on a-m, serves as a whistle 
filter. 

Addition of C, maintains attenu¬ 
ation at still higher frequencies 
above the upper (fixed) null point 
when necessary. In more elaborate 
gate circuits, C. may be replaced by 
another reactance tube to provide 
still greater control range. 

Impedonea-Mafchins Problams 

According to classical filter 
theory, filters should be terminated 
in certain definite impedances in 
order to provide satisfactory oper¬ 
ating characteristics and freedom 
from undesired resonances. Where 
one of the important filter elements 
such as Ct is variable, this poses a 
serious problem. 

Impedance Zx across the input is 
most critical when C, is at a maxi¬ 
mum and the cutoff point is, ac¬ 
cordingly, at a minimum. Under 
these conditions 2% may be selected 
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to control the shape of the cutoff 
curve 80 that a wide range of possi¬ 
ble contours can be obtained, rang¬ 
ing from a gradual roll-off to a 
resonant type of cutoff having a 
definite pei^. The effect of varying 
Zt will then be relatively unimpor¬ 
tant so long as Z» is maintained 
reasonably high. 

On the other hand, when C. is 
reduced in capacitance and the cut¬ 
off frequency consequently in¬ 
creased, the circuit impedance in¬ 
creases, and the shunting effect of 
Zs becomes important. Under these 
conditions, the shape of the cutoff 
curve is controlled mainly by Zm and 
only secondarily by Z,. By proper 
selection of operating impedances. 


therefore, the curves for minimum 
and maximum high-frequency re¬ 
sponse can be adjusted more or less 
independently, with a gradual tran¬ 
sition at intermediate bandwidths. 

For wider-range suppressor ac¬ 
tion, a second reactance tube may 
be added in place of For greater 
suppression, as in systems with un¬ 
usual amounts of high-frequency 
noise or high-frequency boost, other 
sections may be added to the gate 
circuits. 

A typical low-frequency gate cir¬ 
cuit is shown in Fig. 2B. The 
variable inductance is obtained at 
low cost by means of a reactance 
tube. Such a circuit will provide 
low-frequency cutoffs approximat¬ 


ing those shown in Fig. 1. Again, 
through proper selection of termi¬ 
nating impedances Zt and Z«, it is 
possible to control the cutoff shapes 
to a high degree over a wide range 
of cutoff frequencies. If desired, 
the circuit can be expanded to m-de- 
rived and more complex forms. 

Heme Fhosegrapb Model 

The circuit of Fig. S shows a 
complete dynamic noise suppressor 
unit such as might be used on a 
phonograph, including an amplifier 
stage for coupling the crystal pick¬ 
up to the gate circuit and for pro¬ 
viding the necessary driving signal 
voltage for the control circuit. 

Amplifier stage Vt is not required 
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when the suppressor is designed as 
an integral part of a complete 
amplifier system. The gate circuit 
then becomes merely an interstage 
coupling circuit. Suitable voltage 
for feeding the control filter can be 
obtained from some other amplifier 
stage, either preceding or following 
the gate circuit. The relative ampli¬ 
tudes of the voltages applied to the 
control circuit and to the gate cir¬ 
cuit depend upon the types of tubes 
used in the gate circuits and their 
control characteristics. 

Diodes A and D. are sections of 
Vi. In a radio receiver or amplifier 
design, these diodes can be in any 
other amplifying tube or in tubes 
V, and V,. Under this latter condi¬ 
tion, the degree of suppression can 
be controlled by varying the screen 
voltages rather than the cathode 
resistors of V, and V„ 

Switch Sj allows the suppressor 
to be opened, providing maximum 
range when no suppression is de¬ 
sired. When St is closed, Rm con¬ 
trols the amount of suppression by 
adjusting the degree to which the 
gate circuits close. For bad records, 
switch St allows restriction of the 
maximum frequency range. 

Switch St, included mainly for 
demonstration purposes, closes the 
high-frequency gate and leaves the 
low-frequency gate open, thus giv¬ 
ing the effect of a low-pass filter 
providing the same scratch reduc¬ 
tion as the d 3 mamic noise suppres¬ 
sor but no rumble suppression. 
Comparison of tone quality for the 
normal (A) and filter (B) positions 
shows the superiority of the dy¬ 
namic noise suppressor over a fixed 
filter of equivalent scratch reduc¬ 
tion. For best results, both maxi¬ 
mum and minimum bandwidths 
should be adjustable. 

Ceafrel of 6efo CircolH 

Speed of control is particularly 
important on the high-frequency 
gate, which must open rapidly 
enough to provide satisfactory re¬ 
production of high-frequency tran¬ 
sients such as cjrmbals and tri¬ 
angles. 

Ordinarily it would be considered 
impossible to provide such fast 
operation through grid-bias control 


in an unbalanced circuit, but cer¬ 
tain features of the circuit shown 
in Fig. 3 make this possible. Any 
control voltage applied to the grid 
of reactance tube V, will produce 
a change in the plate current of 
that tube, causing a low-frequency 
transient voltage to appear in the 
plate circuit. Capacitor Ct, how¬ 
ever, may be sufficiently small to 
prevent transfer of that voltage to 
the output terminals, and the low 
value of shunting impedance Zt 
further improves this action. 

In other words, Ct, in conjunction 
with the low impedance Z, to which 
it is connected through the low in¬ 
ductance Lu provides in effect a 
high-pass filter. Components of the 
control voltage, which because of 
previous filtering will be entirely 
low frequencies, will not actually 
appear in any appreciable ampli¬ 
tude across the output terminals of 
the gate circuit. This allows ex¬ 
treme rapidty of control of the 
high-pass filter used in the high- 
frequency gate, without introduc¬ 
ing thumps or other objectionable 
transients into the reproduction 
and without the necessity of re¬ 
sorting to a push-pull stage. 

The control circuits shown in 
Fig. 3 are simple but allow consid¬ 
erable discrimination between the 
desired signal and noise. Capacitor 
Cfl in the control filter restricts the 
high-frequency response of the 
two grid bias control circuits to 
prevent opening on loud high-fre¬ 
quency noise, while and C* re¬ 
strict the low-frequency response 
of this control circuit. 

The high-frequency sensitivity of 
the low-frequency control circuit is 
further restricted by C», and C«> pre¬ 
vents this control circuit from open¬ 
ing the low-frequency gate on loud 
low-frequency rumbles. 

The over-all curve for the high- 
frequency control circuit approxi¬ 
mates the response of the human 
ear. The control therefore resides 
in the desired signal rather than in 
the noise. This is possible because 
musical tones contain a funda¬ 
mental and a series of harmonics. 
Opening the extreme high-fre¬ 
quency range of the gate to trans¬ 
mit high harmonics is controlled 


mainly by the corresponding funda¬ 
mental tones. Opening the extreme 
low-frequency range to transmit 
low fundamentals is controlled 
mainly by the corresponding har¬ 
monics. This provides a high degree 
of discrimination against usual 
record noise, which tends to be 
greatest at extreme high and low 
frequencies. Of course, more elab¬ 
orate filters may be used to restrict 
the operating ranges of the control 
circuits under extreme operating 
conditions. 

For a typical home-type phono¬ 
graph pickup having a replaceable 
needle or a bent stylus, a suppres¬ 
sor like that in Fig. 3 is designed 
to have a maximum range of 6,000 
cycles. Components Rt and C, in 
the pickup coupling circuit, as well 
as Co, may be adjusted to provide 
the best over-all response charac¬ 
teristics. 

Experience has shown that equal¬ 
ization which plays the low-fre¬ 
quency end of Columbia test record 
10,004 reasonably flat provides a 
good average bass response for 
American recordings. 

The overall response of the sys¬ 
tem at the high-frequency end of 
this record should theoretically roll 
down to approximate the NAB 
characteristic, since pre-emphasis 
of this general magnitude is used on 
most present U. S, recordings. 
Such a roll-off would droop above 
1,000 cycles, being down approxi¬ 
mately 10 db at 6,000 cycles. Un¬ 
less a high-grade loudspeaker is 
used with the system, however, it 
may be found that this roll-off is 
too much and that a flatter high- 
frequency response is desirable to 
obtain sufficient brilliance. For 
best suppressor operation, however, 
the overall response of the system 
should be as smooth as possible and 
free from sharp peaks. 

Resistor A., is normally adjusted 
so that the gate circuits are open 
during the louder passages of the 
music and closed during the quiet 
passages in order to suppress noise. 
Some experimentation with the set¬ 
ting of this control will be neces¬ 
sary on any new system. 

Trimmer C. should be adjusted 
for a minimum of response at 9 kc 
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or, if the unit is to be used also for 
a-m reception, at 10 kc. With switch 
Sa thrown to position B and /?;, set 
at 0, trimmer Co should be adjusted 
for a minimum response at 4 kc. 
An a-f oscillator and an oscilloscope 
or vacuum-tube voltmeter are de¬ 
sirable for these adjustments. For 
maximum effectiveness the noise 
suppressor should be engineered as 
part of a complete reproducing 
system. 

iroodcoit SfQflon Model 

Since the dynamic noise suppres¬ 
sor does not introduce any volume 
expansion, it is ideally suited for 
broadcast station use. The com¬ 
plete circuit of the type 910-A unit 
made particularly for this purpose 
is given in Fig. 4, Additional high- 
frequency reactance tubes extend 
the range up to 8 kc, which accom¬ 
modates most present-day shellac 
records, and improve high-fre¬ 
quency noise suppression. The high- 
frequency cutoff in the expanded 


position is not as sharp as in the 
simpler model of Fig. 3, allowing 
appreciable transmission at 10 to 
12 kc. However, in this wider- 
range unit provision is made for 
restricting the frequency range 
when playing badly distorted 
records. A somewhat more elabor¬ 
ate control circuit is also used. 

The suppressor shown in Fig. 4 
is built push-pull in order to mini¬ 
mize such factors as hum and resid¬ 
ual vacuum tube distortion, and to 
provide the very highest degree of 
performance for broadcast station 
use. The reasons for using the 
push-pull circuit in this instrument 
are exactly the same as for using 
push-pull circuits in other broad- 
ca.st .station equipment. 

Extended-range transcription 
models, based upon the broadcast 
unit, have been developed providing 
.substantially flat response to 14 kc 
and utilizing somewhat different 
suppression characteristics and 
time constants in order to provide 
the best performance on high-qual¬ 


ity recordings and transcriptions. 
Such units are usable not only on 
music but on speech and practically 
any other type of program material. 

Other Applicatienf 

It is probable that in practically 
any instance where the desired sig¬ 
nal varies in its bandwidth char¬ 
acteristics, the dynamic band-pass 
principle can be used to maintain 
an optimum signal-to-noise ratio. 
The flexibility of the control ar¬ 
rangements possible with a system 
of this type permits a high degree 
of discrimination between the de¬ 
sired signal and the noise, particu¬ 
larly in those cases where the signal 
and the noise have different dis¬ 
tinguishing characteristics. 

In the field of recorded music, the 
combination of new recording tech¬ 
niques, improved pressing mate¬ 
rials, and the dynamic noise sup¬ 
pressor provides a realism of repro¬ 
duction which is almost indistin¬ 
guishable from a live program. 


Audio Noise Reduction Circuits 

Simple circuit employing germanium diodes as nonlinear elements reduces phonograph 
record-noise without substantially affecting desired signal. Single-channel unit up to 6,000 
cycles and a three-channel O-to-12 kilocycle version for broadcast stations are described 


N oise is one of the most dis¬ 
agreeable forms of distortion 
that occurs in sound reproducing 
systems. Therefore, any means 
which reduces or mitigates noise is 
extremely useful and important. 

There are many ways of increas¬ 
ing the signal-to-noise ratio there¬ 
by reducing the deleterious effects 
of noise. A few of the systems that 
have been used may be listed; (1) 
a system in which the high-fre¬ 
quency response is attenuated; (2) 
a system with suitable pre-compen- 
.sation and post-compensation so 
that the high-frequency response is 
accentuated in recording or trans¬ 
mitting and attenuated in repro- 
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ducing or receiving; (8) a system 
using two channels—one channel 
is used to carry the signal and the 
other channel to control the ampli¬ 
tude of the signal in reproduction; 
(4) a system in which the high- 
frequency cutoff of the. reproducing 
system is automatically made a 
function of the general level of the 
signal. 

The use of two channels, in which 
one is used as a volume control, has 
been applied in some special cases 
but, in general, is impractical be¬ 
cause two channels are not available 
in conventional reproducing sys¬ 
tems. 

Systems in which the high-fre¬ 


quency response is accentuated in 
recording or transmitting and at¬ 
tenuated in reproducing or receiv¬ 
ing are used in phonograph and 
sound motion-picture reproduction 
as well as frequency-modulation 
radio broadcasting. This proce¬ 
dure is quite effective, but in some 
systems it is also necessary to re¬ 
duce the frequency transmission 
band in order to obtain a substan¬ 
tial reduction in noise. 

A system in which the high-fre¬ 
quency range is limited introduces 
frequency discrimination against 
high-frequency sounds, regardless 
of whether the high-frequency cut¬ 
off is fixed or is automatically con- 
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trolled by the sifirnal. Of course, in 
the case of Uie automatic system 
frequency discrimination occurs 
only when the amplitude of the sig¬ 
nal is small Nevertheless, this dis¬ 
crimination may be serious for cer¬ 
tain sounds. 

The noise reduction system to be 
discussed here employs a nonlinear 
element. The nonlinear element al¬ 
lows the useful signal to pass and 
discriminates against noise. This 
system lowers the ground noise 
level and thereby increases the sig- 
nal-to-noise ratio without discrim¬ 
ination against the useful part of 
the signal. 

Principle of System 

A block diagram of the system 
is shown in Fig. 1. Band-pass fil¬ 
ters which pass frequencies over a 
range of an octave are used at the 
inpiit and output of the nonlinear 
element. The amplitude charac- 
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teristic of the nonlinear element is 
illustrated in Fig. 2. As will be 
described later, this amplitude 
characteristic can be obtained with 
a properly biased diode vacuum 
tube or crystal rectifier. By using 
this method the system will exhibit 
high attenuation to signals of small 
amplitudes. 

The response of the noise reduc¬ 
tion system to noise and a sine wave 
is depicted in Fig. 8. If the ampli¬ 
tude of the noise is kept below the 
response range of the noise reduc¬ 
tion system, the noise will not be 
reproduced. The response of the 
noise reducing system to a sine 
wave signal is also shown. The out¬ 
put of the nonlinear element con¬ 
tains the fundamental, harmonics, 
and subharmonics of the funda¬ 
mental However, since the pass 
band of the input and output band¬ 
pass filters is an octave, the har¬ 
monics and subharmonics will not 
be transmitted by the system. The 
output wave, then, is a sine wave 
of the same frequency as the input 
sine wave. If two sine waves of 
different frequencies are impressed 
upon the system, the two frequen¬ 
cies must lie within the pass band 
octave in order to be admitted by 
the input band-pass filter. The 
output of the nonlinear element 
contains harmonics and subhar¬ 
monics of the two fundamental fre¬ 
quencies, but these are rejected by 
the output band-pass filter. The 
output of the nonlinear element also 
contains the sum of the two fre¬ 
quencies and the difference of the 
two frequencies. Since the input is 
confined to an octave, the band-pass 
output filter will reject the sum and 
difference frequencies. 

To summarize; if the input and 
output band-pass filters are confined 
to one octave or less, there will be 
no distortion produced by the sys¬ 
tem in the form of spurious har¬ 
monics, overtones, subtones and 
sum or difference tones. There will 
be some amplitude discrimination 
against sign^s of small amplitude. 
This discrimination may be reduced 
to a negligible quantity by employ¬ 
ing the amplitude characteristic of 
Fig. 4. In this case, the transition 
from no response to a constant 
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input-output relationship occurs 
very suddenly. 

The gain in signal-to-noise by the 
use of a noise discriminating sys¬ 
tem employing a nonlinear element 
is depicted in Fig. 5. The ampli¬ 
tude ranges of the .signal, the noise 
and the useful part of the signal 
are shown in Fig. 6A. The portion 
of the signal amplitude which is 
equal or less than the amplitude of 
the noise may be considered to be 
lost and of no value. By means of 
the nonlinear element, it is possible 
to eliminate the reproduction of all 
amplitudes below a certain level If 
this amplitude corresponds to the 
maximum amplitude of the noise, 
the noise will not be reproduced. 
This condition is depicted in Fig. 
5B. It will be seen that the noise 
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reducing system reduces or elimi¬ 
nates the noise but does not in¬ 
crease the dynamic range of the 
signal. In effect, the nonlinear sys¬ 
tem separates the signal and noise 
in amplitude. 

Naellaaar llaawBft 

One way of obtaining the ampli¬ 
tude characteristics of Figs. 2 and 
4 is by the use of unilateral con¬ 
ducting devices. These may be 
vacuum tube, crystal, copper-oxide 
or selenium rectifiers. Use of the 
vacuum tube diode and the ger¬ 
manium crystal rectifier as the non¬ 
linear element is described below. 

The input versus output voltage 
characteristics of two opposed ger¬ 
manium crystal rectifiers with a 
resistance load is shown in Fig. 6. 
It will be seen that the ratio of the 
output to the input voltage de¬ 
creases rapidly below an input of 
0.1 volt, ^ia is due to the contact 
potential in these rectifiers. Supply¬ 
ing a bias voltage of about 0.1 volt. 

The input-to-output voltage char¬ 
acteristic of two opposed biased 
vacuum-tube diode rectifiers is 
shown in Fig. 7. Below the bias 
voltage, the impedance of the recti¬ 
fier is practically infinite because 
the reverse current in a vacuum- 
tube rectifier at audio frequencies 
is negligible. 

The nonlinear elements of Figs. 
6 and 7 approximate the amplitude 
characteristics of Fig. 8. The char¬ 
acteristics of Fig. 4 can be ap¬ 
proximated using two sets of 
opposed biased diodes, one in series 
with the line and the other in shunt 
with the line. By a suitable choice 
of diodes, resistances and bias 
voltages, the characteristics shown 
in Fig. 8 can be obtained. 

Thermal noise energy per cycle 
is independent of the frequency. 
However, In • phonograph record, 
the noise per cycle InerMses with 
increase of frequent, as Indicated 
in Fig. 9. A consideration of the 
noise spectrum of a conventional 
shellae phonograph record, together 
with typical living-room noise 
spectrum and the response-fre¬ 
quency characteristics td tiie aar, 
indicates that a relatively dharp 
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cutoff is required at about 4,600 
cycles in order to obtain tolerable 
reduction of the noise level in a con> 
venticmal phonograph reproducing 
system. In view of ilie character¬ 
istics of phonograph reproduction, 
it was felt that the threshold type 
of noise reduction ssrstem would be 
particularly effective in reducing 
noise produced by records. 

A block diagram of a phonograph 
reproducing system employing a 
simple audio antinoise system is 
shown in Fig. 10. The noise reduc¬ 
tion takes place in the octave be¬ 
tween 8,000 cycles and 6,000 cycles. 
This allows reproduction to 6,000 
cycles witii ilie low noise charac¬ 
teristics of a 8,000-eycle cutoff. The 
circuit diagram including the pre¬ 
amplifier, the filters and the non¬ 
linear elements is shown in Fig. 11. 
The system emsists of two crystal 
rectifiers, one vacuum tube, four 
inductors, eight capacitors, two 
potentiometers and five resistors. 
The response-frequency character¬ 
istics of the low-pass channel, the 
band-pass channd and the com-, 
bination are shown in Fig. 12. Re¬ 
ferring to the block diagram of 
Fig. 10, it will be noted that the 
input and output potentiometers 
are complementary and ganged to¬ 
gether so that the overall gain is 
not changed by varying the poten¬ 
tiometer setting. In this way, the 
low response range of the nonlinear 
system can be adjusted to corres¬ 
pond to quiet, medium and noisy 
records by varying the ganged 
potentiometers. Noise reduction in 
the unit described is about 16 db 


for shellae home-type records. 

The threshold noise reduction 
system described possesses advan¬ 
tages as contrasted to any system 
in which the high-frequency cutoff 
is a function of the general level 
of the sound. In such systems 
rectifiers are employed to supply 


the control bias of the tubes in the 
filter system. The retreat time of 
these rectifiers is relatively large, 
which means that with high-level 
sounds of short duration the high 
frequency cutoff may not follow the 
sound. If the cutoff remains at a 
high frequency after the level of 
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FIG. 12—Voltage ratponse frequ«ncf charactariitic of low-poM. band-pau (broken 
linee) and combined channels for the circuit of Fig. 11 



FIG. 13—^Wlde-ronge noise reduction system for O-to-12 kc use 



FIG. 14—Geeroll choracteristics of three<channel system In Fig. 13. Bond-pass chinuiels 
ore indicoted by broken lines 


the sound has returned to a low 
level, the result is an audible swish¬ 
ing of the noise. With sounds hav¬ 
ing a low general level, the high- 
frequency cutoff will be relatively 


low regardless of the overtone 
structure, with a resulting loss of 
overtones. In the system here 
described the output of the non¬ 
linear element in the transmitting 


region corresponds to the input be¬ 
cause the operation of the nonlinear 
element is instantaneous as far as 
audio frequencies are concerned. 
Therefore, there will be no swish¬ 
ing on high amplitude sounds of 
short duration. Furthermore, it 
transmits any sound which lies 
above the noise level. Therefore, 
there is no discrimination against 
any frequency band in this domain 
regardless of the general level of 
the sound. 

Mulfiplo Ckoanal Syifom 

The system described, with an 
upper cutoff frequency of 6,000 
cycles, has a much wider frequency 
range than the conventional home 
phonograph reproducing system, 
and the noise level is also lower. 
Extending the range beyond this 
frequency requires increased power 
output and improved loudspeaker 
systems. However, for wider range 
transcription phonographs an even 
wider frequency range is desirable. 

A system with an upper cutoff of 
12,000 cycles and three channels of 
noise reduction is outlined in the 
block diagram of Fig. 13. This sys¬ 
tem uses the nonlinear elements of 
Fig. 8. Each nonlinear system is 
equipped with a separate bias con¬ 
trol so that the noise can be reduced 
in each band without discrimina¬ 
tion against the useful signal. The 
response-frequency characteristic 
of the separate channels and the 
overall response is shown in Fig. 
14. Conventional band-pass filters 
are used to confine the response to 
octave bands. A two-stage input 
amplifier overcomes the loss in the 
filters and nonlinear elements. 
Noise reduction of up to 20 db can 
be obtained in each of the channels. 

The audio noise reduetion system 
described is particularly eflfecttve 
in phonograph reproduction be¬ 
cause the noise per cycle increases 
with the frequency. However, it 
may be applied with good results 
in other sound reproducing sys¬ 
tems, as for example, sound on film, 
magnetic wire or tape, and radio 
broadcasting. 
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Background Noise Suppressor 


High-frequency noise is bypassed 
in the absence of high-frequency 
signals by a reactance-tube circuiti 
but when desired high-frequency 
audio signals are present, a dis¬ 
abling network renders the bypass¬ 
ing circuit inoperative. The sup¬ 
pressor can be used to remove rec¬ 
ord surface noise and noise intro¬ 
duced by the phonograph pickup. 
Under such conditions, h-f audible 
noise is constant and readily deter¬ 
mined. During reproduction of 
quiet passages, noise is objection¬ 
able and therefore is suppressed. 
However, during passages when h-f 
signals of appreciable amplitude 
are present, noise is sufficiently be¬ 
low the reproduction level to be un¬ 
objectionable. A two-tube circuit 



when h-i slsiattb ore p r —eat 

acts to suppress background noise 
during such quiet passagest but to 
pass desired high frequencies if 
they are present at amplitudes 
above the noise level. The circuit 
is similarly applicable in any audio 
channel in which the noise level is 
constant. 

Ditobline Circuit 

In the accompanying circuit dia¬ 
gram, a crystal phonograph pickup 
delivers a signal to the output. A 
circuit associated with the 6SG7 
provides capacitive reactance be¬ 
tween output and ground, which, 
in conjunction with series resistor 


Ri, acts as a low-pass filter. The 
circuit associated with the 6SQ7 
acts to gate the reactance tube, de¬ 
creasing its capacitance to ground 
in the presence of high frequencies 
to the left of R,. 

A resistance-capacitance divider 
so proportioned that it passes only 
high frequencies feeds the grid of 
the 6SQ7. Likewise the bypassing 
capacitor for the self-biasing cath¬ 
ode resistor of the 6SQ7 is propor¬ 
tioned to shunt only high frequen¬ 
cies so that the triode is degener¬ 
ated for low frequencies but 
amplifies high frequencies. Also 
the diode-section anode of the 6SQ7 
is driven from the triode-section 
anode through a high-pass resis¬ 
tance-capacitance network. These 
three high-pass R-C networks pass 
only frequencies above approxi¬ 
mately 600 cps to the rectifier. 

The diode section of the 6SQ7 
develops a direct-current bias that 
disables the reactance tube in the 
presence of high frequencies. To 
delay the disabling action until the 
h-f amplitude exceeds the noise 
level (that is, until wanted signals 
are present), the cathode resistor 
of the 6SQ7 is made quite large, 
the exact magnitude depending on 
the noise level into the channel. 
The diode charges a capacitor in 
the grid circuit of the 6SQ7 to 
provide a negative biasing poten¬ 
tial that reduces the tube's gain 
in the presence of frequencies 
above about 600 cps and at intensi¬ 
ties higher than the noise level 
below which quieting is required 
and in proportion to the amplitude 
of these signals. 

Resistance 12, and vacuum tube 
6SG7 constitute a low-pass filter 
of variable cut-off frequency. Ca¬ 
pacitor Cl is a coupling capacitor, 
and Ca is a feedback coupling from 
anode to grid to enhance the reac¬ 
tive effect of the 6SG7 at higher 
frequencies. Furthermore, the ca¬ 
pacitor between screen and cathode 
is small so that at low frequencies 
the gain of the pentode is degen¬ 
erated by its screen, but at high 
frequencies the screen is held at 


ground potential, permitting nor¬ 
mal tube gain. The capacitance 
(as distinguished from capacitive 
reactance) of the tube is thus a 
function of frequency. 

In addition, the gain of the 
6SG7 is controlled by the gating 
action of the disabling circuit so 
as to adjust the h-f shunting effect 
of the tube. The time constant 
of the grid biasing circuit is rela¬ 
tively short so that disabling bias 
can be rapidly applied and as 
quickly removed 

Although the switching action is 
so fast as to be substantially im¬ 
perceptible to the human ear, the 
control action is relatively slow 
compared to the period of the fre¬ 
quencies being gated so that there 
is negligible distortion. 

Coupling resistance R^ between 
the disabling circuit and the re¬ 
actance circuit serves two purposes. 
It is made sufficiently small so that 
the apparent level of the output 
from the complete suppressor cir¬ 
cuit is not appreciably changed as 
the reactance tube becomes more 
or less capacitive. In addition, 
with Ci acts as the usual tone 
compensating network used with 
crystal phonograph pickups to re¬ 
duce the midfrequencies in pro¬ 
portion to the reduction of low 
frequencies provided by resistor 
R^ 

Should cathode bias be neces¬ 
sary in the reactance tube, the 
screen bypass capacitor is grounded 
instead of being connected to the 
cathode. Furthermore, the cath¬ 
ode bypass capacitor is made small 
as that at low frequencies there 
is cathode degeneration. The re¬ 
sult is that the impedance of the 
reactance tube to low frequencies 
is very high and to high frequen¬ 
cies is quite low in the absence of 
a disabling bias from the gating 
circuit. Usual precautions of h-f 
circuits should be observed in the 
layout and wiring of the suppres¬ 
sor. (U. S. Patent 2,869,952 
granted Feb. 20, 1946 to George F. 
Devine, assignor to General Elec¬ 
tric Co.) 
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Audio Mixer Design 

High and low-impedancc circuits for mixing multiple inputs to an audio system. Features 
of the various arrangements are included, as well as possibility of cross-talk, hum prob¬ 
lems, calculation of insertion loss and impedance matching 


I N the design of studio equipment 
and public-address systems, it 
is usually necessary to incorporate 
circuits capable of mixing any¬ 
where from two to eight or more 
input elements, and these circuits 
must operate in such a manner that 
(1) the input and output imped¬ 
ances will be constant for any set¬ 
ting of the controls, (2) there will 
be no crosstalk, and (3) a varia¬ 
tion in the setting of one control 
will not affect the attenuation of 
the other positions. 

Mixer circuits in use today fall 
pretty well into two classes, the 
high-impedance type used in public 
address amplifiers and the low-im¬ 
pedance type used in broadcast and 
recording equipment. Two of the 
most common networks of the high- 
impedance type are shown in Fig. 1 


By RICHARD W. CRAHE 

and 2. The first circuit utilizes a 
double triode, such as a 6C8G or a 
6F8G, and is excellent for a two- 
position mixer. It can also be used 
for three or four positions by using 
two tubes and, since all inputs are 
completely isolated from one an¬ 
other, there can be no crosstalk or 
other interaction. 

As the plate resistances of the 
two sections are in parallel, one sec¬ 
tion sees a load consisting of the 
other section’s plate resistance in 
parallel with the load resistance, 
giving an insertion loss whose exact 
value will depend on the circuit con¬ 
stants, but which will be not more 
than 6 db in the two position cir¬ 
cuit shown. There is no real in¬ 
sertion loss, of course, since the 
tube amplifies, but it is obvious that 
the gain of the two sections con¬ 


nected as in Fig. 1 will be less than 
that of a single section alone and 
can never be greater than /i/2, for 
the load resistance one section sees 
is always less than Rp. Similarly, 
for a three-position mixer a</i/8, 
and for a four position mixer 
a</i/4. 

Figure 2 represents a circuit that 
works quite well for any number of 
positions. The series resistors 
should have the same value as that 
of the potentiometers, and the 
maximum insertion loss = 201ogn 
where n is the number of positions 
in the mixer. 

latertie. L.«t 

The main disadvantage of this 
circuit is that the insertion loss will 
vary, depending on the setting of 
the potentiometers; for a four-posi¬ 
tion mixer, for example, the inser¬ 
tion loss of one channel may be only 
8 db if the other three controls are 
wide open, while it will be 12 db 
if they are all in the off position. 
However, the maximum variation 
in insertion loss any one potentiom¬ 
eter can cause will range from 2.5 
db for a two position circuit to 1.7 
db for an eight-position mixer. 
(These figures are obtained by as¬ 
suming that position 1 is the gen¬ 
erator, calculating the insertion loss 
with all the controls wide open, then 
calculating the insertion loss with 
one potentiometer closed, and sub¬ 
tracting one from the other.) This 
variation will be quite a bit smaller 
if the source impedances are low 
compared to the values of resis¬ 
tance used in the mixer, and, in gen¬ 
eral, this circuit is useful in sound 
systems where too exact control is 
not needed. 

Another type of high-impedance 
mixer is one in which the contnds 



no. 1 —Twe>p«.ISeB U^^lauMdoM. atawr FK>. I —th f .. p w lttw i Ueh^apsteM. 
fMdIiie a deebl. tried* ariMt. pandl.1 lyp. 

no. 3 —Two poa lHwi lilt^4mp.daM. nO. 4—Th f oo p eo lS o. low Iwpodiico 
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are connected in series as in Fig. 8. 
Such a circuit requires that all in¬ 
puts except one be ungrounded, but 
since this tends to develop hum and 
crosstalk, such networks should be 
avoided. 

In these high-impedance circuits, 
there is no attempt made to match 
impedances; instead they are de¬ 
signed using potentiometers whose 
resistance is high (usually i to 1 
megohm) compared to the source 
impedance of the preamplifier, 
phono pickup, or microphone. A 
source whose impedance is very low 
in relation to the mixer input im¬ 
pedance, such as an 8-ohm magnetic 
pickup, or a 250-ohm line, will re¬ 
quire an input transformer. 

Low-lmpedonce Types 

There are many types of low-im¬ 
pedance mixers used and four of 
these are shown in Fig. 4, 5, 6, and 
8. All four of these networks will 
give an exact input-to-output im¬ 
pedance match for any position of 
the controls. 

Figure 4 is a parallel-type mixer 
where Zi is a variable, symmetrical 
T-pad whose input impedance = 
output impedance, as it is in all 
four low-impedance mixers. 

Unit Rc is a fixed resistor, and a 
taper pad is used to convert the 
mixer’s output impedance to the de¬ 
sired output impedance (this pad 
may be replaced by a transformer 
if one with the correct impedance 
ratio is available). For this net¬ 
work the following relations hold’: 

Insertion loss = 10 log(2n —1) 
where Z, is the impedance looking 
back into the mixer (without the 
taper pad connected), n is the num¬ 
ber of positions, and insertion loss 
is the mixer loss in db, not includ¬ 
ing the taper pad. 

Kxanple 

Thus if we want a three-position, 
600-ohm input, 600-ohm output 
mixer, R, = 888 ohms, Z. = 278 
ohms, insertion loss = 7 db; and 
we would use three 888 ohm resis¬ 


tors and a 278 to 600 ohm taper 
pad (which would give an addi¬ 
tional loss of about 7 db). The pro¬ 
cedure for the design of taper pads 
is given in Electronics for Novem¬ 
ber, 1941*. 

Figure 6 shows a serie 8 -t 3 rpe 
mixer and for this circuit 





As in Fig. 4, the insertion loss = 
10 log(2w-l). This circuit differs 
from Fig. 4 in that it must be 
grounded at only one point, and 
thus only one input can be 
grounded. 

Figure 6 shows a bridge-type 
mixer and is the best circuit for a 
four-position system, provided that 
the inputs can be ungrounded (al¬ 
though the system can be grounded 
at some one point). Figure 7 rep¬ 
resents the equivalent circuit when 
position 1, for instance, is the gen¬ 
erator. From this it can be seen 
that Zx - — Zg. Thus a master 

gain control identical with the in¬ 
dividual attenuators can be used as 
an integral part of the mixer. If a 
master gain control is not used, the 
circuit should be arranged so that 
the mixer sees a resistive load equal 


to Zi otherwise the bridge will not 
balance. This circuit has an inser¬ 
tion loss of 6 db, which is less than 
that of any other four-position 
mixer. 

The circuit of Fig. 8 can be 
used for any even number of posi¬ 
tions from four up, and in this cir¬ 
cuit’: 

^ (2n 3) 

* n* 

n 

Insertion loss = 10 log (2n — 8) 
The taper pad in this network is an 
ungrounded H pad. This is an es¬ 
pecially good design to use for a 
six-position circuit for in that case 

Zz ~ Zi. 

Creitfolli 

As to crosstalk in mixers, it may 
be said that circuits with grounded 
inputs, such as Fig. 1, 2, 4, and 8, 
will not develop any, but Pig. 8, 5, 
and 6 may develop some, depend¬ 
ing on the physical design of the 
equipment (shielding, placement of 
parts, etc.). 
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Automatic Fader 

By DBN lUIITEII 


T he device to be described auto¬ 
matically fades a program 
either completely or partially in or 
out, at predetermined rates, with¬ 
out the use of motors. The only 
moving parts consist of three re¬ 
lays, and individual fade-in and 
fade-out timing is easily adjusted. 

The automatic fader is used to 
fade the nemo, a remote or net¬ 
work program for a local broadcast, 
or to join a remote or network 
program already under way. In the 
studio, it is also convenient for an¬ 
nouncing a remote program. These 
operations involve strict coopera¬ 
tion between the master-control 
operator and the announcer unless 
the program is routed through a 
studio having a studio operator. 
This close cooperation demands the 
type of attention very difficult to 
achieve in any master control. 

Circuit 

The automatic fader was designed 
to operate from the nemo and an¬ 
nounce tally lights plus an installed 
fade key and tally. As shown in 
Fig. 1, the fader is essentially an 
amplifier adjusted for zero gain, 
with time-delayed bias for control. 
The amplifier tube is biased to cut* 
off for complete fade-out, at an in¬ 
termediate point for partial fade- 
out or in, and normal for complete 


fade-in. The bias is obtained from 
the two potentiometers in the 
bleeder circuit. 

Two variable timing controls are 
included i slotted shaft for screw'- 
driver adjustment), one for com¬ 
plete fadeout and one for complete 
fade-in. Timing of a complete fade 
is adjustable from 1 to' fifteen sec¬ 
onds. The timing for the back¬ 
ground level or partial fade is fixed 
at approximately two seconds. 
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FIG. 2—Essential elements oi the auto¬ 
matic lader system 


The 6C5 is operated at a plate 
current of 0.5 to 0.6 ma to obtain a 
smooth fade. This quiescent point 
places the operation of the tube 
slightly above the point where the 
amplification begins to vary. This 
imposes a definite limitation on the 
maximum permissible input level 
at which the fader may be operated 
without distortion. The input is 
10,000 ohms bridging, while the 
output is 500 ohms. The fader and 


its power supply were mounted on 
3.5-in. rack-mounting panels. 

At WMAL, the fader is in the 
nemo circuit, as shown in the block 
diagram of Fig, 2. The input of 
the fader is bridged across the nemo 
line and the fade relay switches 
either the nemo or the fader to feed 
the equipment. This switching can 
be done any time during a program 
provided a relay with grounding re¬ 
sistors is used. At WMAL an Auto¬ 
matic Electric relay is used, with 
50,000-ohm resistors from all con¬ 
tacts to ground. 

The relay L-2 which gives com¬ 
plete fades obtains its battery from 
the nemo tally light. This was done 
so that the fader would always be 
ready to perform. If the nemo is 
down, the fader is ready to fade in 
and vice versa. 

The partial fade or background- 
level relay L, connects to the bat¬ 
tery supplying the announce tally 
through a contact on relay La, This 
allows a background level only when 
both announce and nemo are set up. 
Since the tally lights and set-up 
buttons are on the announcers 
switching, console, (delite), the 
fade key and tally were also placed 
on the delite. This enables the an¬ 
nouncer to completely fade in or 
out a program or announce over a 
background level without an op¬ 
erator, 

Operofion 

If a fade is desired, the fade key 
is turned on; the fade tally gives 
indication. When nemo is released, 
the program is faded out, or if 
nemo is set up, the program is 
faded in. If announce is set up at 
the same time, then the program is 
either faded in or out but to a back¬ 
ground level. 

It was found that a partial fade 
of 10 db of tone (600 cycles) gave a 
good background level. The level is 
adjustable to —68 db when using 
the circuit shown in Fig. 1. 
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Volume Expander Design 

An electronic volume expander provides full expansion of a wide range of program 
material in about ten milliseconds and return to normal gain in one second. The problems 
encountered, methods of solution, and results of experimental work are included 


M any people, having listened 
to volume-expansion ampli¬ 
fiers, have found them to introduce 
undesirable wows, gasps, pops, or 
just plain distortion in the repro¬ 
duced output. There is. however, 
ample justification for volume ex¬ 
pansion in the fact that a certain 
amount of volume compression is 
used in making a majority of re¬ 
cordings and sometimes in broad¬ 
cast work. In addition, the reduc¬ 
tion of amplification at low levels 
helps to reduce record scratch and 
background noise during such pas¬ 
sages. 

This paper represents the results 
of a series of experiments to find 
the answers to expander design. 
The expander to be discussed is 
the electronic type, wherein the sig¬ 
nal is rectified and the resulting d-c 
voltage is used to control the gain 
of a variable-gain stage as shown 
in Fig. 1. There are many other 
ingenious ways of introducing vol¬ 
ume expansion, but it is felt that 
this type provides the necessary 
flexibility for application to varied 
types of program material. 

The expander illustrated in Fig. 
2 was developed in connection with 
these experiments. It has been 
found to give satisfactory results 
with a wide range of program ma¬ 
terial, and, even when improperly 
adjusted, it does not have many of 
the undesirable characteristics ex¬ 
perienced with other circuits. The 
complete circuit of the expander is 
shown in Fig. 8, 

Requlrementt 

The design of an electronic vol¬ 
ume expander involves a number of 
interesting problems beyond those 
ordinarily encountered in amplifier 
work The variable-gain stage must 


By ROBERT W. EHRLICH 



FIG. 1—Block diagram of on oloctronic 
volumo-oxpandor circuit in which tho 
recti fiad lignal ii used to control gain 


operate at !U)t just one point on its 
characteristic, but rather over the 
complete range of its characteris¬ 
tics without introducing distortion. 
The amplifier which feeds the rec¬ 
tifier circuit must have means for 
adjusting its gain without any 
audible indication, and this gain 
must be variable to suit the various 
input signal levels. 


Finally, the rectifier must be cap¬ 
able of rectifying a complex a-c 
signal without introducing objec¬ 
tionable ripple into the signal cir¬ 
cuit. Moreover, the lime constants 
throughout the expander circuit 
must be so adjusted that full ex¬ 
pansion can be obtained in some¬ 
thing like 5 to 15 milliseconds, w^hile 
the time taken to return to normal 
gain is about one second. By care¬ 
ful attention to all of these require¬ 
ments. satisfactory operation can 
be obtained. 

Cliaka of Cireiiifs 

The variable-gain stage is the 
heart of the expander, and its se¬ 
lection is the first consideration in 
design. Perhaps the most widely 
used tube for this purpose is the 
6L7, in which the d-c bias voltage 
on grid number 3 controls the gain 
of the tube with respect to grid 
number 1. Another popular method 



FIG. 2—Chatftii of tko oapof t m o nlal oxpaniloii ompllfior 
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is to use a variable-mu tube such 
as the 6SK7 and let the d-c bias 
on the sifirnal grid control the gain. 

A less common but very ingen¬ 
ious circuit uses a triode tube as 
one leg of a voltage divider for the 
signal. The other leg is a fixed re¬ 
sistor. By varying the bias on the 
triode, the tube assumes different 
values of plate resistance, and thus 
there is a variation of the relative 
signal voltage which is taken off 
across the triode. 

Because of the complex biasing 
problems on multi-element tubes, 
and because of the wide range of 
tube characteristics involved in the 
expansion stage, many of the cir¬ 
cuit constants for that stage will 
have to be determined by trial and 
error. 

During experimentation with the 
expansion stage, circuits were con¬ 
sidered where the input to the con¬ 
trol circuit is taken fromjbhe output 
of the expanding stage rather than 
the input. This type of circuit 
would have the advantage of reduc¬ 
ing the amplification necessary to 
drive the control circuit. It was 
found to be unsatisfactory, how¬ 
ever, because of dynamic instability 
caused by the regenerative action. 


Any delay in expansion was greatly 
accentuated. Moreover, since the 
control voltage was proportional to 
the square of the signal input, the 
curve of gain vs signal was very 
steep at higher levels. With one cir¬ 
cuit tried, the action of the expander 
was delayed by one or two seconds, 
after which the expansion would 
take place very suddenly. The re¬ 
sult was that the gain had no rela¬ 
tion to signal strength with a typ¬ 
ically variable input signal. 

The push-pull circuit for the ex¬ 
pander of Fig. 3 was sdected after 
several disappointing experiments 
with single-ended circuits. Not only 
do the latter have a tendency to 
distort due to curvature of the 
tube characteristic, but they also 
are affected by any residual rip¬ 
ple that may come through from 
the rectifier. These effects are 
largely cancelled out in a push-pull 
stage. 

Advssfag^t sf Fsth-psll 

Another advantage, though not 
apparent at first, is the possibility 
of avoiding the use of b 3 rpass ca¬ 
pacitors. Changes of screen and 
cathode voltages in an expanding 
stage are in such a direction as to 


oppose the change in gain caused 
by a change in grid bias. If the 
cathode or screen voltage variation 
is retarded by a large b 3 rpass ca¬ 
pacitor, it is possible for the gain 
of the stage to increase before this 
capacitor can change its charge. 
When it does charge, it pulls the 
gain down. The result is that the 
amplifier gain overshoots its final 
mark and there is a tendency for 
thumps to be heard in the output. 
Figure 4 is an oscillogram which 
illustrates this type of transient 
response. 

Iffeet of Trastieiifs 

Another difficulty inherent in 
single-ended circuits is the pos¬ 
sibility of introducing low-fre¬ 
quency transients or thumps in 
the output, due to rapid expander 
action. Such transients are can¬ 
celled out in a push-pull stage, since 
the control bias is applied to both 
grids simultaneously. Even with 
push-pull operation, however, it is 
still necessary to keep the transients 
in the output of the individual 
expander tubes from becoming 
so large as to cut off the fol¬ 
lowing stage. This can be accom¬ 
plished by transformer coupling, a 
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FIG. 4—This OBCillogram thowg the 
OTerehooting of gain caused by a 10 -/aI 
cothode bypaes copocltor connected 
across a 10«000-ohm cathode resistor 

dpecial phase-inverter tube\ or, 
as in Figr. 8, through the use of 
low values of plate load resistance 
and low values of coupling capaci¬ 
tors. The loss in low-frequency 
response is compensated for by the 
RC networks in the grid circuits. 

In the control amplifier circuit 
of Fig. 8, there are two gain con¬ 
trols. One is used to vary the 
amount of expansion, and the other 
compensates for major differences 
in input signal level. A more com¬ 
mon means of controlling expan¬ 
sion is the use of a potentiometer 
in the rectifier circuit, but this was 
found unsatisfactory because of 
its effects on the time constants 
in the rectifier. 

Rac.tifl«r Problems 

The rectifier with is associated 
filter is perhaps the most impor¬ 
tant section of the amplifier, for it 
is here that the dynamic nature of 
the entire unit is determined. 
Improper consideration of these 
factors can lead to serious volume 
distortion. The problem is to get 
an RC filter circuit which will re¬ 
act very rapidly to impulses of 
signal, and still eliminate all traces 
of rectifier ripple from the signal 
circuit. The solution is to make 
all resistors through which the 
capacitors charge very small, and 
those through which they dis¬ 
charge very large. 

Figure 6 shows the type of recti¬ 
fier circuit to be considered, along 
with its equivalent circuit The 
charging time is determined prin¬ 



FIG. 5—A tiiiipl# roetUlar and lUtar cir¬ 
cuit it shown at Iho top. Its oquirolont 
circuit shows tho lactors Ihot dotormlns 

tho charging ond discharging timo 

cipally by the internal impedance 
of the driving amplifier, r, the 
plate resistance of the diode, 
and Rii along with capacitors Ci 
and Cs. The discharge time is 
determined by resistors Ri and Ru 
and capacitors C, and C,. It is 
important also to remember that 
any other capacitors associated 
with the expander circuit can 
affect the time constants. 

Calculation of the exact time 
constants of a circuit such as that 
of Fig. 5 is rather complex, but 
the following simple formulas de¬ 
veloped by E. W. Kellogg and W. D. 
Phelps* will give the necessary 
values closely enough. 

Charging time constant = 

{r, -f rj C» + (r, + -f R,) C, 


Discharge time constant = 

-Rjt Cj -f- (iiJ, 4“ Rs) Cm 
Adjustment of values should be 
made so that the minimum charg¬ 
ing-time constant will not be over 
15 or 20 milliseconds and the dis¬ 
charge-time constant not less than 
0.5 second. In addition, the total 
resistance between the controlled 
grid and ground should, if pos¬ 
sible, be kept below the maximum 
value specified for the tube used. 
The use of a cathode-follower cir¬ 
cuit in the driving amplifier circuit 
of Fig. 8 makes the driver imped¬ 
ance very low and makes it easy to 
obtain a low charging time. Con¬ 
trol of the time constant is obtained 
by making resistor R, in Fig. 5 
variable. 

Figure 6 shows an oscillographic 
determination of the minimum 
charging time for the expander of 
Fig. 3. A 600-cycle signal was 
keyed into the circuit with expan¬ 
sion full on, the 8000-ohm series 
resistor shorted, and the time-con¬ 
stant control set at its minimum 
value. 

The number of cycles required 
for 64-percent expansion indicates 
the charging-time constant, eight 
milliseconds in this case. In prac¬ 
tice, the insertion of the 8000-ohm 
buffer resistor was found valuable 
in materially reducing rectifier 
ripple. This resistor brought the 
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time constant np to 12 milliseconds. 

Perfoimance is determined by 
testing' for change in gain, or ex¬ 
pansion, with respect to control 
voltage. For this test, control volt¬ 
age is most easily obtained from 
a battery and potentiometer. A 
gain curve for the expander is 
shown in Fig. 7. The points to be 
noted are first, that the maximum 
change in gain without distortion 
must be at least about three times 
(10 db;, and second, that the curve 
of gain versus voltage should be 
fairly straight over the range 
selected. 

To compensate theoretically for 
a typical compression character¬ 
istic, all of the expansion would 
have to take place in the upper 
two db (20 percent) of the control 
voltage swing. This characteristic 
is neither necessary nor desirable. 
For one thing, the input level to 
such a circuit would be very criti¬ 
cal, necessitating many readjust¬ 
ments of input level. Further¬ 
more, this type of curve can lead 
to undesirable dynamic character¬ 
istics, especially in connection with 
overlong time constants. This 
combination will make the expan¬ 
sion come on suddenly, many milli¬ 
seconds after the initial input 
impulse. The effect is difficult to 
describe, but it is unquestionably 
unpleasant. 

Op«rofion 

Setting of the amount of expan¬ 
sion and the time constant is com¬ 
plicated by the fact that it is prac¬ 
tically impossible to detect the 
action of a properly adjusted ex¬ 
pander. There is a natural ten¬ 
dency to advance the expansion 
control to the point where the 
effects of the expander can be 
heard, for if time and effort have 
been put into the construction of 
such a circuit, one likes to hear it 
work. As a matter of fact, the 
only way to tell accurately how well 
an expander is operating is to play 
the same passage twice, once with 
expansion on and once with it off. 
This is only possible with phono- 



FIG. 7—Static gain versus control- 
voltage characteristic of the push-pull 
expansion stage shown in Fig. 3 


graph records, for which reason 
records are probably the best 
source of program material for one 
who is learning to use an expander. 

Once some experience has been 
gained with the expander, the two 
gain controls C and D, and the neon 
indicator in Fig. 3 can be used to 
advantage in setting up the ex¬ 
pander for operation with any type 
of signal. The resistors associated 
with the neon lamp are so adjusted 
that the lamp begins to glow when 
the signal voltage is large enough 
to drive the expander to full ex¬ 
pansion. The level at this point is 
adjusted by control C in such a way 
that the lamp will blink at peaks 
of modulation. For any radio sta¬ 
tion or record, this adjustment can 
usually be made in a few seconds, 
and it will hold as long as the same 
input source is maintained. With 
the signal level in the expansion 
control circuit so adjusted, it is 
then possible to set the second gain 
control, D, in terms of its own 
panel calibrations to give the num¬ 
ber of decibels expansion desired 
for the particular program mate¬ 
rial. 

Typical Cootrol Scttia^s 

Actual settings of the expansion 
and time-constant controls will 
naturally vary for different tjrpes 
of program material. Symphonic 
selections are perhaps easiest to 
expand. This type of music will 


TABLE 1. RECOMMENDED EXPANDER 
SETTINGS 


Program M«t«ri«l 

Expansion 

Time Constant 

Symphonic Mu»ic 1 
Band Music ^ 

Full 

Short 

Danca Music (slow) 

Medium 

Short 

Organ Music 

Low 

Short 

Spcach 1 

Dance Vocals < 

Low 

Short 

Swing Music (fast) 

Medium 

Long 

Operatic Vocal Solos 
Instrumental Solos 

1 Not Recommended 


take all the expansion the amplifier 
can give, at the shortest time con¬ 
stant, without any unpleasant reac¬ 
tion. The only limit here is the 
point where soft passages are too 
soft to hear and loud ones uncom¬ 
fortably loud. Martial band music 
also falls into this category. 

Dance music is a little more 
difficult to handle, and expansion 
should be used cautiously. The 
time constant should be short when 
the music is slow; but if the music 
is fast and hot, a long time con¬ 
stant is required to swamp out the 
rapid volume impulses and prevent 
jerkiness. 

Speech is also difficult to handle 
but expansion can still be used to 
advantage if it is used sparingly. 
Time constants on speech should be 
kept short to preserve the natural 
expression. An over-long time 
constant and excessive expansion 
can lead to a very undesirable 
gasping or breathless effect. 

One type of material for which 
expansion is not recommended is 
a vocal or instrumental solo. The 
performer puts in his own volume 
expression, and expansion will seri¬ 
ously distort it. The effect is at 
its worst when the expansion con¬ 
trol circuit has peaks in its fre¬ 
quency response so that certain 
notes are expanded out of propor¬ 
tion to the rest. 

Table I indicates in convenient 
form the expander settings recom¬ 
mended for various types of mate¬ 
rial. 
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Surgeless Volume Expander 


With few exceptions, volume ex¬ 
pander systems have utilized the 
change in transconductance of a 
vacuum tube, as a function of one 
of grid voltages, to vary the ampli¬ 
fication in such fashion as to en¬ 
hance the dynamic range of the 
program being reproduced. 

For the expansion action to be as 
unobtrusive as possible, the attack 
time must be made sufficiently 
rapid to permit complete expansion 
almost immediately upon the be¬ 
ginning of a loud passage. Decay 
of the expanded level, however, 
must occur considerably slower lest 
rapid increases and decreases of 
level, in staccato passages in par¬ 
ticular, should modulate lower-level 
intervals. Another reason for re¬ 
quiring a fairly slow decay time is 
to permit a realistic decay of rever¬ 
beration in reproducing music pro¬ 
duced in live concert halls or 
studios. It is obvious that a rapid 
decay of expansion would accen¬ 
tuate the decay of reverberation 
and deaden quite effectively the 
normal studio characteristics. 

Need for Puthpull 

In securing expansion through 
variation of transconductance, a 
change of plate current in the 
expander stage necessarily occurs. 
If an expander circuit is con¬ 
structed in as simple a form as pos¬ 
sible, with a single controlled tube, 
this dynamic change of plate cur¬ 
rent appears as a component of the 
program being reproduced. As a 
result, the time constant of expan¬ 
sion attack must be made suffi¬ 
ciently long to place the components 
of the plate current surge in the 
subaudible region. In an amplify¬ 
ing system with good low-frequency 
response, this factor necessitates a 
minimum attack time of about 0.5 
second, which is so slow as to pro¬ 
duce a noticeable gradual increase 
in the louder passages. 

The problem is aggravated by the 
fact that the absolute plate voltage 


By A. NELSON BUTZ, JR. 

change caused by expansion is 
usually considerably larger in mag¬ 
nitude than the desired signals. 
The obvious method of avoiding the 
effect of plate current surges has 
been incorporated in certain sys¬ 
tems which use a pushpull expander 
stage. In this case, the d-c surge 
in each expander tube i.s cancelled 
out in the pushpull transformer of 
the expander system. However, 
the expense of a high-quality out¬ 
put transformer for such a system 
would place it beyond the economic 
reach of many users. In addition, 
a pushpull input transformer would 
be required to secure rapid expan¬ 
sion action because an RC input 
circuit would necessarily introduce 
an undesirable system time con¬ 
stant. 

Single-Ended System 

The expander circuit shown in 
Fig. 1 represents a method of 
balancing out changes in plate cur¬ 
rent while maintaining the entire 
system single-ended with respect 


to ground and eliminating the 
necessity of using expensive trans¬ 
formers. In addition, the inherent 
system distortion is extremely low* 
over a controlled range of approxi¬ 
mately 15 db. The attack time may 
be made extremely short without 
causing undesirable surges, while 
the release time may be made as 
long as desired. 

The audio signal is applied to 
grid 1 in a conventional fashion 
while the variable expander bias is 
applied to the suppressor. As the 
suppressor is made more positive, 
from a given negative value, the 
screen current decreases while the 
plate current increases. In the 
6SJ7, the negative transconduc¬ 
tance to the screen and the positive 
transconductance to the plate match 
closely when the plate transconduc¬ 
tance is changed over a wide range 
without altering the total cathode 
current. Unfortunately, as the sup¬ 
pressor bias is varied, the sum of 
control grid to screen and control 
grid to plate transconductances 



Fig. 1—Circuit ol slnglu-cudcd TOlumc •xpoadcr that rcqulrM no puihpuU trous- 
former for cancoUng out tho d-c lurgo In ooch oxpondor tube 
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remains constant, and if screen and 
plate of a single tube were tied to¬ 
gether, no appreciable variation of 
overall gain will occur. 

Ut« of Dummy Tubo 

The plate of the signal amplifier 
is connected to the screen of a 
dummy 6SJ7, and since expansion 
voltage is applied to the sup¬ 
pressor of both tubes, the dynamic 
change in plate current in the 
signal amplifier is balanced by the 
opposite change of screen current 


in the dummy. In a similar fash¬ 
ion, screen current change in the 
signal amplifier is cancelled by plate 
current change in the dummy. 
Consequently, variation of the effec¬ 
tive transconductance of the signal 
amplifier is secured without in¬ 
troducing current surges in the 
signal circuit. 

The maximum signal input to the 
expander stage is approximately 
0.25 volt, and the maximum signal 
output of the system is of the order 
of several volts. The diode rectifier 


incorporated in the suppressor 
circuit prevents the expander recti¬ 
fier from driving the suppressor 
positive, which would produce 
blocking and loss of expansion con¬ 
trol. The time constants of the 
expansion rectifier systems are 
such that 75 percent of final gain is 
achieved in the Fast position in 
approximately 0.02 second. This 
time constant is tripled in Slow 
position. The two decay times are 
about 0.6 and 1.2 second respec¬ 
tively. 


Three-Band Variable Equalizer 

Versatile pre-equalizer provides gain or attenuation adjustment in one-db steps independ¬ 
ently in the low-, high-, or mid-frequency bands of the audio spectrum. Applications include 
recording, rerecording, sound system compensation, and broadcast station equipment 


T he variety of corrective net¬ 
works used in audio equipment 
is due to the great number and extent 
of required corrections and to the 
difficulty of adequately and rapidly 
analyzing undesirable features in the 
signal being transmitted, recorded, 
or reproduced. In designing a single 
equalizer of sufficient fiexibility to 
meet the diverse requirements usual¬ 
ly encountered, one must decide what 
frequency characteristics are to be 
used, particularly if the total number 
of units is to be minimized. 

The material which follows de¬ 
scribes a suitable equalizer system 
which has been found easier to use 
and more effective for the purpose 
intended than any of the many types 
previously employed by the writer. 
In addition to this (Inscription, brief 
design information is given so that 
others may modify the circuits shown 
to suit particular conditions. 

Cbarocteristlcf 

Experience with sound systems and 
in recording indicates that the ma¬ 
jority of desired corrections exist in 
either or both the low or high ends 
of the frequency range. Intelligibility 
must be maintained at all times and, 


By L. 0. GRIGNON 

since this is most easily accomplished 
by emphasizing the mid-spectrum 
frequencies, a means must be pro¬ 
vided to perform this function. Con¬ 
versely, suppression of the mid-band 
can frequently be used to make 
harshness more tolerable, provided 
intelligibility is not degraded. 

An important operating feature, 
too frequently excluded from correc¬ 
tive network design, provides that 
the 1000-cycle insertion loss shall not 
change appreciably as changes in the 
response characteristic are intro¬ 
duced. A few moments of operation 
with a network having this feature 
are sufficient to prove the point. 
Further, if the network is arranged 
so as to be inserted in various cir¬ 
cuits, it must introduce no insertion 
gain or loss. 

Accepting the above fundamentals, 
the unit was designed so that low- 
and high-end emphasis or suppres¬ 
sion are in discrete steps achieved by 
a shelf effect arranged to shift the 
frequency of one-half loss or gain 
further toward the extremes of the 
signal band or nearer the mid-fre¬ 
quencies, thereby affecting the nor¬ 
mal circuit characteristics only to 
the extent required by the necessary 


correction. (This differs from the 
usual manner in which only the slopes 
of the characteristic are changed, the 
hinge frequency remaining fixed.) 
Maximum suppression is 4 to 6 db, 
maximum emphasis is 8 to 10 db, and 
the change between steps is approxi¬ 
mately 1 db, measured at 100 cps and 
7,000 cps. 

Mid-frequency correction is a 
maximum at 2,750 cps and is variable 
in steps of i db up to a total of 6 db 
suppression or emphasis. Frequency 
characteristics obtainable by the net¬ 
works are shown in Fig. 1. Any com¬ 
bination of low-, mid-, and high-fre¬ 
quency responses can be obtained. 
Insertion loss of the system of net¬ 
works can be made zero by a suitable 
choice of fixed attenuators. 

Suppression at any of the three 
bands is introduced by rotating a 
control in a counter-clockwise direc¬ 
tion from a normal setting and em¬ 
phasis is applied by rotating the same 
control from the normal setting in a 
clockwise direction. In either case, 
suppression or emphasis is made pro¬ 
gressively greater as the control is 
manipulated further from normal. 
As suppression or emphasis is intro¬ 
duced into any of the three frequency 
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FIG. 1—^R*prM»ntotiT« fr*qu«ncy characteristics obtainable with the three-band Tarioble 
equaliier. Combining three cunres. one from each group, glees the oeer-all response 


bands, the insertion loss at 1,000 cps 
does not vary more than 1 db. 

Dial stops, which are readily ad¬ 
justable, are provided on each control 
to permit pre-setting or to provide 
limits. 

The system may be inserted into a 
circuit without affecting normal 
transmission, manipulations or usage 
and, as previously specified, volume 
corrections need not be made simul¬ 
taneously with equalization, although 
under some circumstances, particu¬ 
larly when low-end corrections are 
applied, * there will be an apparent 
level change. 


variable attenuator having a 10-db 
maximum is mounted on the same 
shaft with the correction network 
attenuator, connected in series with 
the other two networks, and mechani¬ 
cally arranged to maintain the total 
attenuator loss at 10 db. The circuit 
as described above is shown in Fig. 2. 

Feadboek 

Having introduced a loss of 10 db 
by the introduction of the mid-fre¬ 
quency networks, it is necessary to 
use at least 10 db of gain to maintain 
zero insertion loss. By providing 
amplification of greater than 10 db. 


low- and high-frequency correction 
can be realized by negative feed¬ 
back. •• - 

The fundamental equation pertain¬ 
ing to negative feedback is 

Net gain = A/(1 — KA) (1) 

where A is voltage amplification 
without feedback and K is the ratio 
of input feedback voltage to the out¬ 
put voltage. Examination of this 
equation discloses that a two-fold 
change in K will nearly provide 6 db 
change in gain, provided that the 
product KA is sufficiently large. Fur¬ 
ther, by selecting the proper value 
for KA, the slope of the gain change 
can be adjusted to a maximum of ap¬ 
proximately 6 db per octave when 
simple reactive combinations are 
used. However, when K varies with 
frequency because of reactive ele¬ 
ments in the circuit, the phase angle 
around the feedback loop must be 
considered when computing resulting 
frequency characteristic changes. 

Figure 3 depicts a two-stage ampli¬ 
fier with parallel feedback from the 
second plate circuit to the input 
cathode resistor. Feedback factor is 
determined by the ratio of Zx to Z, 
4 - Zs. If either Zx or or both, are 
made a function of frequency, as they 
are in Fig. 3, the frequency charac¬ 
teristic of the amplifier will vary ac¬ 
cordingly. 

Low- and high-end suppression or 
emphasis can be controlled by capaci¬ 
tor-resistor combinations such as are 
shown in Fig. 3. With a suitable 
choice of resistors, capacitors, over- 


Mld«PreqM«ney Section 

Two constant-impedance networks 
are used for mid-frequency control. 

One is a suppression network of the 
required shape and fixed, in amount 
at the desired maximum; the second 
is an emphasis network connected in 
series and variable in equalization by 
an amount equal to the sum of the 
maximum amounts of desired sup¬ 
pression and emphasis. At an inter¬ 
mediate point in the setting of the 
variable attenuator the frequency 
characteristics of the two networks 
are inverse and the net applied fre¬ 
quency correction is zero.^ 

To maintain constant insertion loss 
at all correction settings, a second no. 2— Mld-lrgquenev •quallser network 
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all gain without feedback, and feed¬ 
back factor the specified frequency 
characteristics can be obtained by in¬ 
creasing or decreasing C„ or 

C 4 in discrete steps, as follows: 

Low-end suppression: Decrease C, 

Low-end emphasis: Decrease C, 

High-end suppression: Increase C* 

High-end emphasis: Increase C* 

Capacitors Ci and C. are connected 
into the circuit with a single switch 
which is arranged to maintain Cx con¬ 
stant while Ca is being decreased to 
produce low-end emphasis and, con¬ 
versely, C, is held constant as C, is 
decreased to give low-end suppres¬ 
sion. Capacitors C, and C 4 are 
switched in the same manner except 
that either is held at the minimum 
value while the other is increased, in 
steps, to obtain high-end emphasis or 
suppression. 

So that the feedback path does not 
adversely shunt the plate-cathode 
branch of the output tube, it is de¬ 
sirable to keep the minimum imped¬ 
ance of the path about twice the 
nominal plate impedance of the out¬ 
put tube. At fii'st thought, such a re¬ 
latively low-impedance path may 
seem unduly small, but in use the 
effective plate impedance is consid¬ 
erably lowered by the feedback factor 
and by the fact that as the path im¬ 
pedance is lowered to achieve equal¬ 
ization, plate impedance is likewise 
lowered. Obviously, there must be a 
limit and serves the purpose. 

Because of the foregoing facts, 
large values of A (Eq. 1) are used, 
amounting to a voltage gain of 360 
(measured without bypass on /?,) ex¬ 
clusive of input and output trans¬ 
formers. With the particular coils 
used, the over-all gain is 50 db, which 
is then reduced by the no-equaliza¬ 
tion feedback to 30 db. The greatest 
change in net gain then from 24 db 
to 40 db, leaving 10 db minimum 
feedback to insure stability and main¬ 
tenance of characteristics. 

CircMit 

Theoretically, a two-stage amplifier 
with only resistive feedback cannot 
oscillate even though very large 
values of KA are used. In practice, 
this is modified by phase shifts 
within the amplifier due to coupling, 


bypass, and stray impedances so that 
care must be exercised in design to 
minimize such effects. A satisfactory 
solution, when reactive elements are 
included in the feedback path as in 
this application, results when the 
amplifier is flat in frequency charac¬ 
teristic within two db from 20 to 
20,000 cps and has no abrupt changes 
in gain. 

The approach to the design of a 
corrective amplifier such as shown in 
Fig. 3 naturally depends upon how 
many types of correction are to be 
supplied and the order of magnitude. 

The design approach for the unit 
being described will be used as an 
example. 



FIG. 3—Method of connoctlng rosiators emd 
eopacltora In foodback poth of two-stago 
empliflor providing low-froquonqr 
high-lroquoncy lupprosalon or omphaais 

First, determine the slopes of the 
gain changes to be obtained, keeping 
in mind that simple resistor-capaci¬ 
tor networks have a maximum re¬ 
actance change of 2 to 1 for a cor¬ 
responding frequency change and 
may be limited to less than this ratio 
by choice of configuration. Assuming 
a given tube complement, the cathode 
resistor of Vx is determined within 
certain limits and the minimum feed¬ 
back impedance can be determined, 
since the difference in gain estab¬ 
lishes the maximum sum of desired 
suppression and emphasis. 

From all of these facts the product 
of KA and of each factor can be es¬ 
tablished. Obviously, there is more 
than one combination which will sati- 
isfy the conditions. Determination of 
the values of the capacitor-resistor 
networks can most easily be made by 


recourse to the charts of Di Toro.' 
Some trial values and computations 
are indicated. Note that the zero- 
equalization conditions are deter¬ 
mined principally by R^, Eo Rb, Rx, 
and Rb in Fig. 3 since both Ct and C« 
are made large for this condition and 
C, and C 4 are made very small. 

Once the approximate components 
are determined, the remainder of the 
work is best done experimentally. 

Nominally, the blocking capacitor 
in the feedback path is made rela¬ 
tively large in order that appreciable 
changes in feedback phase angle, or 
reduction of the feedback factor, 
occur at very low frequencies where 
the amplifier gain is low and the 
stability requirements established by 
Black* and Bode"* are met. The use of 
networks as described permits an ap¬ 
preciable reduction in the capaci¬ 
tances of the coupling capacitor and 
Ci due to the reverse effects of Ci 
which is made smaller than might be 
expected to accomplish the desired 
result. Proper proportioning of the 
capacitors maintains the feedback 
factor nearly constant over the useful 
frequency range when set for zero 
correction. 

As previously mentioned, the am¬ 
plifier at zero equalization gives a 
gain of 30 db which must be reduced 
to zero by attenuators. The system 
of networks is assembled as in Fig. 4 
with these attenuators, three fixed 
and one variable (in the mid-frequ¬ 
ency section), located so as to make 
the input and output essentially re¬ 
sistive. 

Because the feedback network is 
not of abnormally high impedance the 
network controls can be placed in a 
separate unit which contains the two 
capacitor accumulator switches, the 
mid-frequency network attenuator 
with the compensating ganged at¬ 
tenuator, and the feedback network 
capacitors. 

Due to the potential differences 
which gather on the switch contacts, 
there will be some noise unless these 
potentials are reduced by connecting 
resistors between adjacent switch 
contacts. These bleeder resistors can 
be made sufficiently low to reduce 
noise without seriously affecting the 
frequency characteristic. A further 
aid in maintaining low noise from 
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FIG. 4—CompUt* circuit of throe-band Tariable equaliser. To raise lows, reduce C^: to raise highs, increase Ca; to lower lows, reduce 
Ci; to lower highs, increase C 4 . Fixed resistors shunting rheostots are 500 ohms each 


the switches is the small difference in 
attenuation between steps. 

The mid-frequency variable net¬ 
work has the usual characteristic of 
varying the frequency at which one- 
half attenuator loss occurs. As a re¬ 
sult, the emphasis characteristic does 
not have the same shape as that ob¬ 
tained for suppression. The charac¬ 
teristic shown has been found satis¬ 
factory, but if this network were of 
the so-called constant B type as de¬ 
scribed by Miller and Kimbair there 
would not be the difference indicated. 

Frequency characteristics do not 
change with tube replacement nor 
with a 10-perccnt change in plate sup¬ 
ply voltage. Total noise, measured at 
the output of the system, is 87 db 


below 0.001 watt, which is sufficiently 
low to work into high-gain circuits 
for recording or rerecording. The 
minimum output capacity, including 
the output attenuator, is 8 db above 
0.001 watt. 

There has been some apprehension 
that feedback amplifiers with reac¬ 
tive networks in the feedback path 
are apt to be less stable and more 
susceptible to trouble than other con¬ 
ventional designs, but experience has 
shown that this is not the case. There 
has also been some aversion to the 
use of other than constant-impedance 
equalizers or additional amplifiers for 
frequency correction purposes, which 
has probably been due to ill effects 
caused by changing impedance condi¬ 


tions or poor transient response in 
such circuits. Both these faults are 
minimized in this system, as indi* 
cated by square-wave and intermodu¬ 
lation tests. 
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Automatic Audio Phase Reverser 


It is a well known fact that the 
waveform of most speech and some 
music is not symmetrical. When 
such a nonsymmetrical signal modu¬ 
lates an a-m transmitter, it is pos¬ 
sible for the modulation envelope 
to undergo excursions below the 
unmodulated level that are greater 
than the envelope excursions above 
this level. Such a condition is re¬ 
ferred to as negative modulation. 
Most broadcast transmitters can ac¬ 
commodate positive modulation 
peaks in excess of 100 percent, but 
in no case can the negative modula¬ 
tion peaks exceed 100 percent, or 
serious distortion and interference 
to other radio services will result. 


By ALVIN H. SMITH 

Moreover, most detector distortion 
in modern broadcast receivers oc¬ 
curs on the negative portion of the 
detection curve. Thus, if a nonsym¬ 
metrical modulating signal can be 
made to produce more positive than 
negative modulation peaks, the cov¬ 
erage of a radio station may be in¬ 
creased, and, at the same time, 
overall distortion can be reduced. 

The purpose of this a-f phase re¬ 
verser is to adjust automatically the 
polarity of the audio input signal 
to the transmitter to produce the 
desired modulation polarity. This 
device is particularly useful when 
the modulating signal is of local 
studio origin; after an audio signal 


has passed through a number of re¬ 
peater amplifiers, as in the case of 
a network program, phase and am¬ 
plitude distortion cause the lack of 
waveform symmetry to be less pro¬ 
nounced 

Circuit Operotion 

The circuit of the automatic 
phase reverser is shown schemati¬ 
cally in the accompanying illustra¬ 
tion. Basically, the device consists 
of a two-stage bridging audio ampli¬ 
fier using 6C5 tubes, a balanced 
rectifier, consisting of a 6H6 with 
one cathode grounded, and an R-C 
delay network, the output of which 
is connected to the control grid of 
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a 2050 thyratron. The firing of this 
thyratron actuates a polarity- 
switching relay. 

A dpdt sense switch is connected 
in the input of the phase reverser 
unit. This switch is used to preset 
the phase reverser so that on modu¬ 
lation peaks, the transmitter will 
be modulated more positively than 
negatively. Once the proper switch 
position is selected, no further ad¬ 
justment is required and the opera¬ 
tion of the device is entirely auto¬ 
matic. 

Conventional audio amplifiers are 
used and are designed to produce 
minimum distortion, since the wave¬ 
form of the incoming audio signal 
must be preserved as nearly as pos¬ 
sible. The 6H6 balanced rectifier 
operates in such a manner that for 
low audio input voltages, the poten¬ 
tials across the two halves of the 
output load are approximately 
equal. Under this condition, the 
net voltage across the R-C delay 
network is nearly zero. 

On input voltage peaks, the recti¬ 
fication efficiency increases, and the 
diode having the higher input volt¬ 
age peak develops the larger voltage 
across its load. As a result, a volt¬ 
age is impressed across the input 
of the delay network having a po¬ 
larity that is determined by the 
predominance of negative or posi¬ 
tive peaks at the rectifier input. 

Plate voltage for the 2050 
thyratron is supplied by one-half 
of the high-voltage winding of the 
power-supply transformer through 
the winding of the polarity-switch¬ 
ing relay. The thyratron normally 
conducts on every positive half¬ 
cycle of its plate voltage. When¬ 
ever the net voltage from the bal¬ 
anced rectifier is such that the grid 
voltage of the thyratron is approxi¬ 
mately 3 volts negative, the thyra- 



Bignal it don« by thit circuit 

tron ceases to fire and the relay 
switches to its unenergized posi¬ 
tion, reversing the polarity of the 
audio signal delivered to the trans¬ 
mitter. 


A two-section R-C delay network 
is connected to the grid of the 
thyratron. This delay network aids 
in preventing chattering of the re¬ 
lay and delays switching until sev¬ 
eral peaks of the same polarity have 
occurred. Two 10,000-ohm resistors 
across the relay contacts act to re¬ 
duce key clicks in switching; relay 
contacts should be set as close as 
possible for the same reason. The 
combination of the 12-/4.f capacitor 
in series with the 800-ohm resistor 
also acts to prevent relay chatter¬ 
ing. 

Control of Switching Time 

A 6H6 clipper tube prevents the 
delay-network capacitors from 
charging negatively to such a de¬ 
gree that the switching action of 
the thyratron can not follow rapidly 
the peak polarity changes of the 
audio signal. The grid circuit of 
the thyratron performs this func¬ 
tion for positive capacitor charges. 
Adjustment of the audio input to 
the balanced rectifier also affects 
the time required for switching. 

The value of the resistor in series 
with the plate of the 2050 depends 
upon the characteristics of the par¬ 
ticular relay used. This resistor 
should have as high a value as will 
give good switching action. A de¬ 
sired switching delay can be ob¬ 
tained by changing the values of 
the circuit constants in the R-C de¬ 
lay network. The only limitation is 
that the resistance in series with 
the 2050 grid must be at least 300,- 
000 ohms. 

The automatic phase reverser 
neither adds to the distortion nor 
increases the noise level of the audio 
circuit with which it is connected. 
This condition results from the fact 
that the audio circuit has only a 
dpdt relay added to it. 
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Low-Distortion Crossover Network 

If placed between the output stage and the low-frequency output transformer^ an audio 
crossover network for woofer-tweeter loudspeakers redu(*es distortion due to nonlinear¬ 
ity of Iransfortner inductance and makes special transformer designs unnecessary 


T ransformers are recognizable 
as sources of distortion due to 
the nonlinearity of the inductance, 
which gives rise to an exciting cur¬ 
rent that contains components other 
than the fundamental. The same 
nonlinearity also produces inter¬ 
modulation distortion. 

The crossover network can be 
used to reduce transformer distor¬ 
tion by placing at least part of the 
low-pass filter between the power 
source and the low-frequency out¬ 
put transformer, instead of be¬ 
tween the output transformer and 
the load. 

Consider an output transformer 
operating between a high-imped- 
ance tube source and a 5,000-ohm 
load (referred to the primary side). 
Assume the primary inductance to 
be 26 henrys. At 30 cycles oi 190 
and <dL = 5,000. The shunt re¬ 
active load, equal to the resistive 
load, would produce a response 
which is 3 db down at 30 cycles. 
This is considered good response. 

Next consider that the exciting 
current contains a considerable 
harmonic content. At ordinary 


By PAUL W. KLIPSCH 

power levels the third harmonic 
would typically be about one-third 
the amount of the fundamental cur¬ 
rent. This harmonic current, flow¬ 
ing in the generator impedance, 
produces a distortion voltage which 
is then fed to some other load, such 
as a high-frequency channel. 

Evidently, a much higher pri¬ 
mary inductance is required for 
reasonable distortion than would be 
•etpiired merely to give a flat 
lesponse. 

The circuit of Fig. lA is an ap¬ 
proximate equivalent of a tube 
source Gi having a tube impedance 
feeding a transformer having a 
winding resistance Rt and primary 
inductance L. The distortion com¬ 
ponents are considered as being 
produced by generator G,. This 
added generator produces harmonic 
voltages and intermodulation prod¬ 
ucts. 

The crossover network arrange¬ 
ment of Fig. IB accomplishes two 
major purposes. First, the low- 
pass filter L, — G, attenuates high 
frequencies propagating in either 
direction. Voltages produced by Gs 


are attenuated before reaching tube 
impedance Hr, so that relatively less 
distortion voltage is available at R, 
for transmission to the high-pass 
channel. 

Second, Li — Ci attenuates high 
frequencies from G, propagating 
to the transformer, so that a nar¬ 
row range of frequencies is received 
by Tj. The modulation products 
generated in Ti (represented by G.) 
are therefore of lower order :han 
would be the case if the trans¬ 
former were required to handle the 
entire spectrum. Furthermore, 
such modulation products from G* 
are again attenuated in their trans¬ 
mission back to the impedance of 
the tubes. 

Obviously, both these effects I’e- 
duce the distortion which can be 
fed to the high-frequency channel. 
The most annoying distortion gen¬ 
erally appears as a form of high- 
frequency noise, and reduction of 
transmission of low-channel dis¬ 
tortion to the high channel reduces 
this form of distortion. 

This network system, by limiting 
the distortion produced by the non¬ 
linear exciting current of the low- 
frequency output transformer and 
by limiting the transmission of such 
distortion back into the rest of the 
system, offers a double-dose cure 
for over-all distortion. 

The network of Fig. 2 has al¬ 
ready been described in some de¬ 
tail.* This circuit was originally 
developed primarily for purposes of 
economy. Since the original publi¬ 
cation, some of the reasons for the 
superior performance have been 
studied, with the result that the ad¬ 
vantage of lower distortion is now 
recognized as of greater importance 
than the reduced cost. 

For the conventional tube output 






FIG. l-<-^qulTal»nt circuit ol output tubo« ond rocommondod croisovor notwork 
orrcBigoMnt for rodueing dlitortlon duo to inductanco ol output tronolormor 
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circuit one may set up transformer 
requirements. Taking the exciting 
current as composed of a funda¬ 
mental component U = J?/<oL and 
a third harmonic content /, = 
(1/3) consider a tube source 
with Rr of 2,000 ohms working into 
a load of 6,000 ohms, and consider 
a low-end cutoff of 31 cycles. As¬ 
sume we want to limit third har¬ 
monic distortion to 0.6 percent or 
0.006 per-unit of the fundamental. 

The inductance can be deter¬ 
mined from 

Ij “ Rp/Si^i D ( 1 ) 

where L is the primary inductance 
of the transformer, R, Is the plate 
impedance, a>, is the angular veloc¬ 
ity of the lowest frequency, and 
D is the per-unit di.stortion. (Dis¬ 
tortion D is the product of the 
harmonic component of exciting 
current times the tube impedance, 
divided by the fundamental voltage. 
The exciting current (funda¬ 
mental) was I, = E/miL. h i.s 
taken as I,/3, so I, = E/ZuhL. 
IJtr = DE so D *= l/3a),L or L = 
l/3o>.D.) 

Putting in numerical values, L = 
2,000/3x200x0.005 = 667 henrys. 
This is a difficult value to achieve, 
doubly so if the leakage inductance 
is to be held to a minimum dictated 
by a top limit of transmission of 
say 16,000 cycles. 

If the transformer is required to 
transmit only the lower part of the 
total spectrum the leakage induct¬ 
ance limitation is removed and a 
transformer with realizable ratio of 
primary-to-leakage inductance can 
be designed. Therefore, placing the 
low-pass filter ahead of the trans¬ 
former relaxes its design require¬ 
ments relative to maximum pri¬ 
mary-to-leakage inductance ratio. 

Placing the filter ahead of the 
transformer adso reduces the re¬ 
quired primary inductance for a 
stipulated distortion. First, the 
filter attenuates in each direction, 
so that harmonics and other dis¬ 
tortion products arising in the 
transformer are attenuated before 
getting back to the generator where 
they can be transmitted to the high 


channel. Second, the higher fre¬ 
quencies are attenuated in a for¬ 
ward direction so that the dis¬ 
tortion products arising in the 
transformer are of low order. 

Thus, conventional transformers 
with primary inductance values of 
the order of 100 to 200 henrys can 
be used, instead of special designs 
with values like 667 henrys. Fur¬ 
ther, since the transformer is re¬ 
quired to transmit only up to the 
crossover frequency, say 600 cycles, 
the leakage inductance is not a 
severe design requirement and the 
transformer may be a relatively 
low-priced unit. 

App«iidix 

An examination of Eq. 1 and its 
derivation indicates the desirability 
of keeping the plate impedance low. 
Triodes, with or without feedback, 
and the more efficient beam tubes 
with voltage feedback, both offer 
the desirable low impedance. Either 
can be designed for any desired 
characteristics. It should be noted, 
however, that reducing the driver 
stage impedance to zero would still 
leave the transformer winding re¬ 
sistance, .so a loudspeaker would 
never look back into zero impedance. 

In the numerical example, the 
figures chosen would apply either 
to a pair of 2A3 (6B4G) tubes in 
push-pull without feedback, or to a 
pair of 6L6 tubes with about 15 db 
of voltage feedback. 

To reduce the plate impedance to 
zero or near zero values might ap¬ 
pear to be highly desirable. How¬ 
ever, the characteristics of the 
driven loudspeakers are such that 
some source impedance is desirable. 
Even in highly developed horn 
loudspeakers, the efficiency and 
impedance vary, and the source 
impedance tends to smooth out the 
resulting response. In the case of 
direct radiators with the 20 to 1 
variations in impedance a constant- 
voltage source is not the best. 

Thus, feedback to reduce output 
impedance would appear capable of 
being carried too far. Feedback for 
distortion reduction can be lyipUed 


simultaneously as voltage feedback 
which tends to reduce the tube im¬ 
pedance (make it constant voltage) 
and current feedback which tends 
to increase the impedance (make 
the source constant current). A 
happy combination of the two 
might prove to be the best overall. 

Here one is faced with the desir¬ 
ability of an optimum impedance 
for operation of the loudspeakers, 
and a minimum impedance from 
the standpoint of distortion in the 
transformers. The crossover ar¬ 
rangement discussed here offers the 
possibility of minimizing trans¬ 
former distortion while maintain¬ 
ing the tube impedance at optimum 
levels from the standpoint of loud¬ 
speaker operation and distortion. 

Either voltage or current feed¬ 
back reduces distortion in the tube 
system (and both together reduce 
distortion to the same extent as 
would the same amount of total 
feedback of either type by itself). 
A combination of both affords any 
desired impedance, so it appears 
that the designer is free to design 
the amplifier for optimum loud¬ 
speaker performance, relying on the 
described crossover to bold the dis¬ 
tortion from reasonably good trans¬ 
formers within tolerable levels. 

In the numerical example, a low 
cutoff of 31 cycles was chosen. 
There are very few loudspeakers 
that will reproduce a 86-cycle fun¬ 
damental. If one is dealing with 
direct radiators of moderate size 
cutting off around 70 to 90 cycles, 
the improvements afforded by the 
present crossover will be but 
slightly noticeable. But if one 
starts working with organ repro¬ 
duction or generation where low-C 
performance is demanded, some 
very annoying distortions crop up. 
It is particularly for the users of 
reproducers capable of 80-^rde per¬ 
formance* that this article Is 
written. 
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Technique for Distortion Analysis 

Modification of clipped sine waves by circuits under observation is displayed on a cathode- 
ray oscilloscope for quick analysis of audio response. Typical patterns are given, and a 
simple equipment comprising biased crystal rectifiers is described 

By SAMUEL SABAROFF 



FIG« 2—Circuit dia 9 ram of a sino waro cUppor with output wavolonns for Tariout 
■witch positions indicated 


D istortion in a linear circuit 
can be separated into two 
general categories: nonlinear dis¬ 
tortion; and frequency distortion. 
Nonlinear distortion is caused by 
impedances that are functions of 
current or voltage. A sine wave 
introduced in such an impedance 
will be distorted in waveform be¬ 
cause of the harmonics generated. 
These nonlinear impedances are 
generally resistive, like those en¬ 
countered in a tube or crystal. 

A sine wave introduced in a cir¬ 
cuit containing only reactance will 
not be distorted in waveform, but 
may be changed in phase and ampli¬ 
tude. This phase shift and ampli¬ 
tude change may also vary with 
frequency. Harmonics are not gen¬ 
erated in this kind of a circuit, 
though they may be selectively di¬ 
minished or accentuated. 

Circuits in general have both 
nonlinear distortion and frequency 
distortion. The amount and kind 
of distortion that can be tolerated 
in a circuit depends on its use. 
Communication circuits, in which 
intelligibility is paramount, can 
have considerable distortion, 
whereas broadcast circuits should 
have negligible distortion. 


There are various ways of deter¬ 
mining distortion in a circuit in 
order to indicate its suitability for 
a particular application. One well- 
known method utilizes the circuit 
response to a sine wave. Nonlinear 
distortion is measured by noting 
the percentage of harmonics gener¬ 
ated in the circuit for various fre¬ 
quencies and amplitudes. The 
effect of reactance is measured by 
the variation in gain as the fre¬ 
quency is varied. 


The interdependence of the two 
kinds of distortion is not always 
clearly stated. The harmonics gen¬ 
erated by nonlinear distortion will 
be influenced by the frequency 
characteristic, so that the sine 
wave analysis is correct only if 
either the nonlinear, or the fre¬ 
quency distortion is found to be 
negligible. 

The sine wave analysis is of 
great utility however, in that defi¬ 
nite and reproducible quantities 
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are obtained. In experimental, and 
developmental work it is sometimes 
tedious and time consuming. 

Standard Wavoform Method 

A quick and simple qualitative 
anlysis of a circuit can be made by 
noting the change in shape of cer¬ 
tain standard waveforms. Wave¬ 


forms with a high harmonic con¬ 
tent are particularly suitable for 
investigating the effect of fre¬ 
quency distortion in wide-band cir¬ 
cuits. One example is the square 
wave, which is of great utility in 
the investigation of video circuits. 
The square wave can be considered 
to simulate an extreme case of the 


kind of signal the circuits are re¬ 
quired to handle. 

Most signals encountered in 
audio circuits are complex in that 
they are composed of a funda¬ 
mental and its harmonics. A test 
waveform that simulates such a 
signal, and that has been particu¬ 
larly useful in audio circuit analy- 
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sis is shown in Fig. lA. It is a 
portion of sine wave and is 
therefore called a clipped sine 
wave. Two such clipped sine waves 
can be placed back to back, as 
shown in Fig. IB. This waveform 
has been termed a double clipped 
sine wave. 

One great advantage of the clip¬ 
ped sine wave is in the economy 
and simplicity of its generator for 
which the circuit diagram is given 
in Fig. 2. A sine wave of the 
proper amplitude, is fed into the 
unit and clipping is done by means 
of biased crystal rectifiers. 


The frequency range of the driv¬ 
ing voltage is determined by the 
kind of equipment being tested. 
For high quality circuits, the fre¬ 
quency range may be approxi¬ 
mately 100 to 10,000 cycles. For 
communications circuits, it can be 
300 to 3,000 cycles. The frequency 
range need not be continuously 
variable. For most purposes, the 
discrete frequencies of 100, 300, 
1,000, 3,000, and 10,000 cycles will 
suffice. 

From Fig. lA it is seen that the 
clipped sine wave is composed of 
successive flat portions with sharp 


corners, interconnected by portions 
of a sine wave. Analysis of this 
wave shows it to be the funda¬ 
mental plus an infinite series of 
harmonics wdth the even harmonics 
predominating. 

The flat portion and the sharp 
corners of the clipped sine wave are 
similar in shape to a half square 
wave, and the effect of a circuit on 
this portion of a clipped sine wave 
is similar to the effect on the 
square wave. Square wave experi¬ 
ence can therefore be transferred 
almo.st intact to analysis with the 
clipped sine wave. 

The asymmetry of the clipped 
sine wave is of great help in avoid¬ 
ing mistaken analysis due to ampli¬ 
tude saturation. Amplitude satur¬ 
ation is easily noted by a flattening 
of the peaks of the sine wave por¬ 
tion. Asymmetrical amplitude sat¬ 
uration can be investigated by re¬ 
versing the polarity of the clipped 
sine wave. This feature has been 
useful in the investigation of class- 
B amplifiers. For the analysis, it is 
sometimes advantageous to reduce 
the duration of the sine wave por¬ 
tion by decreasing the ratio of driv¬ 
ing voltage to back bias. 

Double Clipped Sine Wove 

The double clipped sine wave is 
useful in determining phase shift 
at low frequencies. It is composed 
of the fundamental and an infinite 
number of harmonics, with the odd 
harmonics predominating. This 
waveform, (Fig. IB), is seen to be 
a sine wave with a small step at the 
points of zero voltage. Phase shift 
in a circuit is indicated by a ver¬ 
tical displacement ef these steps, 
as shown in Fig. 1C. The approxi¬ 
mate phase shift can be calculated 
from the following formula 

<f> = sin“' (a/6) 

where is phase shift; a is the 
vertical displacement of step por¬ 
tions; and 6 is the peak to peak 
amplitude. 

It is possible of course, to formu¬ 
late and plot the effect of various 
circuits on the clipped sine wave 
and the double clipped sine wave. 
For qualitative analysis, however, 
it is practical to illustrate the effect 
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of several typical circuits on these 
test waveforms by means of oscil¬ 
loscope displays. 

Inl'artfogtt Transformar 

The frequency characteristic of 
an inexpensive interstagre trans¬ 
former is shown at the top of Fig. 
8. This transformer is essentially 
flat from 30 to 3,000 cycles, but 
with a large peak in the response 
at 8,000 cycles. The effect of this 
transformer on the clipped sine 
wave is shown at the left. At 100 
cycles, there is suflScient high-fre¬ 
quency response to keep the corners 
sharp. At 300 cycles, a transient 
has become evident, becoming 
larger at 1,000 cycles. 

The flat portion of the clipped 
sine wave is slightly less than a 
half period. Estimating the num¬ 
ber of half waves of the transient 
on the flat portion and multiplying 
by two gives the approximate ratio 
of the transient frequency to the 
driving frequency. In this case it 
is estimated to be seven half waves 
for a 1,000-cycle half period, giv¬ 
ing an approximate frequency of 
7,000 cycles for the transient. It is 
interesting to note the correspond¬ 
ence of the transient frequency to 
the point of high gain on the fre¬ 
quency characteristic. The 3,000 
cycle clipped sine wave indicates 
that the transient frequency has 
been more closely approached. 

In Fig. 3 at the right are shown 
the effects of the transformer on 
the double clipped sine wave. The 
transient is beginning to be evi¬ 
dent on the flat portions at 300 
cycles. The 1,000-cycle wave is ap¬ 
preciably distorted by the transient, 
and the steps are practically ob¬ 
literated at 3,000 cycles owing to 
dropping high-frequency response. 

High Quolity Amplifier 

The graph in Fig. 4 shows the 
frequency characteristic of a high 
quality, multistage, resistance- 
coupled amplifler. This amplifier is 
essentially flat between 20 and 50,- 
000 cycles. The series of oscillo¬ 
grams at the left shows the effects 
of this amplifier on the clipped sine 
wave. At 30 cycles, the slope of the 
flat portion illustrates the effect 



FIG. 6—Clipped sin* war* with lundo- 
m«ntol partially suppr«sMd (A); ond with 
fundamental partially occentuatod (B) 


of phase shift. The sharpness of the 
corners indicates the presence of 
higher order harmonics. At 100 
cycles, the phase shift has decreased 
and the high-frequency response is 
still good. The oscillogram for 300 
cycles is a good replica of the 
clipped sine wave, as it is at 1,000 
cycles. At 3,000 cycles the effect of 
high-frequency attenuation is be¬ 
ginning to make itself felt, while 
at 10,000 cycles high-frequency cut¬ 
off has rounded the corners appre¬ 
ciably. The important feature in 
this analysis is the gradual change 
in shape of the clipped sine wave 
over the frequency range. There 
are no distinct resonant circuits or 
sharp discontinuities indicated, nor 
would they be expected in high- 
quality circuits. 

The effect of this amplifler on the 
double clipped sine wave is shown 
in the oscillograms at the right. 
Phase shift, as indicated by the 
displaced flat portions, is evident 
at 30 cycles. This characteristic 
decreases with increasing fre¬ 
quency until it is negligible at 1,000 
cycles. At 8,000 cycles the phase 
shift has reversed direction. Above 
3,000 the lack of sufilcient high-fre¬ 
quency response tends to obliterate 
the steps, as shown in the oscillo¬ 
gram for 10,000 cycles.. 

Figure 5 shows the frequency 
characteristics of an amplifier used 
for communication purposes. The 
response of this amplifier is maxi¬ 
mum at approximately 700 cycles. 
It is down 1 db at 800 cycles, up 1 


db at 700 cycles and down more 
than 7 db at 3,000 cycles. Zero level 
is taken at 1,000 cycles. 

The oscillograms of the effect of 
this amplifier on the clipped sine 
wave are shown at the left in Fig. 
5. At 300 cycles, phase shift is in¬ 
dicated by the slope of the flat por¬ 
tion, and the lack of high-frequency 
response by the blunted corners. 
The oscillogram for 1,000 cycles 
shows a rise in gain at somewhat 
less than 1,000 cycles, and the cor¬ 
ners are further obliterated. At 
3,000 cycles, the effect of a poor 
high-frequency response is evident. 
It is interesting to note in this 
amplifier also, the lack of any tend¬ 
ency toward transients. The clipped 
sine wave analysis indicates a 
broadly resonant circuit, with max- 
imunq gain at less than 1,000 cycles, 
and no significant frequency dis¬ 
continuities outside the pass band. 

To the right are the oscillograms 
showing the effect of this amplifier 
on the double clipped sine wave. 
The large phase shift at 300 cycles 
is shown by the vertical displace¬ 
ment of the flat portions. These 
steps are increasingly obliterated 
by the lack of high-frequency re¬ 
sponse at 1,000 cycles and 3,000 
cycles. 

Tuned Circuit at Driving Fraquency 

The examples just given illustrate 
the ordinary use to which one may 
put the clipped and double clipped 
sine wave. The effect of a circuit 
tuned to the fundamental frequency 
of the clipped sine wave was not 
clearly exemplified, and is therefore 
illustrated. Fig. 6A shows the 
shape of the clipped sine wave with 
the fundamental partially sup¬ 
pressed, and (B) with the funda¬ 
mental partially accentuated. The 
flat portions have now become con¬ 
cave in A and convex as in B. 

When the driving frequency is 
shifted slightly from that of the 
tuned circuit these convex and con¬ 
cave portions will be displaced to 
one side. An example of this effect 
is shown in Fig. 6 (1,000 cycles, 
at the left) illustrating the effect 
of a communications circuit on the 
clipped sine wave. 
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Beat-Frequency Tone Generator with 

R-C Tuning 

By J. W. WHITEHEAD 


The principles of resistance-ca¬ 
pacitance tuninK of oscillators may 
easily be adapted to the design of 
tone generators using the hetero¬ 
dyne technique. Such a circuit has 
several advantages over tuned-cir¬ 
cuit generators. For example, no 
difficulty is experienced in covering 
wide frequency bands with good fre¬ 
quency stability and low distortion 
and with simple frequency control. 
Furthermore, there is an extremely 
low degree of coupling with neigh¬ 
boring components. Remote con¬ 
trol of frequency can also be ar¬ 
ranged. 

Circaif DGTaiU 

The circuit shows two R-C tuned 
oscillators feeding the appropriate 
grids of a hexode mixer. The out¬ 
put from each oscillator is obtained 
by a suitable tap on the final re¬ 
sistance of each of the phase-shift¬ 
ing networks. A refinement (not 


shown) would be to leave a portion 
of the automatic bias resistance to 
each oscillator tube unshunted in 
order to introduce a degree of feed¬ 
back for the purpose of limiting the 
amplitude of oscillation. 

Control of the frequency gener¬ 
ated by the tube Vx in the variable 
frequency section is achieved by 
altering the effective resistance of 
one element in the phase-shifting 
network. This could be done by in¬ 
serting a normal variable resistance 
in series with one of the fixed re¬ 
sistances, but here the same effect 
is secured by varying the grid bias 
of tube V,. This tube is a cathode 
follower, the output impedance of 
which shunts the center resistance 
of the phase-shift network. The 
output impedance is a function of 
the grid bias on the tube that is 
controlled by potentiometer R, In 
short, the frequency of the oscilla¬ 


tions generated by the variable 
oscillator, and hence the resulting 
tone frequency, is determined by 
the setting of R. 

Potentiometer R may be mounted 
at any desired distance from the 
apparatus. The lead from its slider 
carries no current and can there¬ 
fore cause no instability, however 
long it is. The potentiometer dial 
can be calibrated in frequency. 

In practice, both oscillators are 
set to the same frequency (about 
100 kc) with Vs biased almost to 
cutoff, but if Vs has a variable-mu 
characteristic it need not be biased 
so far back as might otherwise be 
necessary. 

Instead of a cathode follower for 
frequency control, a negative-re¬ 
sistance transitron could be used 
and in this case the magnitude of 
the negative resistance is a func¬ 
tion of the grid bias. 
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Design of Loudspeaker Dividing Networks 

Four-parameter chart gives directly the required values of L and C for a parallel-con¬ 
nected constant-resistance dividing network, at any desired crossover frequency and line 
impedance, when se|)arate low and high-frequency loudspeakers are employed 


W ITH divided-range 1 o u d - 
speaker systems, an electrical 
dividing network must be used to 
separate the low and high frequen¬ 
cies into two bands so that each may 
be reproduced by the proper loud¬ 
speaker unit. To approximate the 
ideal network transmission char¬ 
acteristics of Fig. 1, the parallel- 
type constant-resistance dividing 
network of Fig. 2 is favored for its 
simplicity since both inductors (and 
both capacitors) have the same val¬ 
ues.**® The chart in Fig. 3 gives 
these values of L and C directly for 
various values of crossover fre¬ 
quency / and line impedance 



FIG, 1 —^IdDol tronimlMloa charaetsrittict 
pi o L000 >c7cU diTiding optwork 


Although the values of L and C 
may be computed easily from the 
simple formulas given in Fig. 2, 
the chart will be found very useful 
for preliminary design problems. 
The chart may be used beyond the 
ranges shown employing one of 
the following sets of multiplying 
factors for the scales: 


i?. 

/ 

L 

c 

1 

10 

0.1 

0.1 

10 

1 

10 

0.1 

10 

10 

1 

0.01 


By EARL R. SCHULER 

To prevent the generation of har¬ 
monics and intermodiilation prod¬ 
ucts by the network, the inductance 
of the coils must be independent of 
the signal level. Since air-core in¬ 
ductors are inherently free of this 
difficulty they are usually preferred 
over iron-core types. They must be 
rather large, however, and must be 
wound with heavy wire in order to 
obtain a reasonably high Q. A 
value of 20 at the crossover fre¬ 
quency is satisfactory. Information 
on the design of air-core inductors 
may be found in the literature’ 

Example 1: A dividing network 
is required for use in a 15-ohm line, 
the crossover frequency to be 1,000 
cycles. From the point of intersec¬ 
tion of the diagonal 15-ohm and 
1,000-cycle lines on the chart, read 
out to the left and upper edges of 
the chart to the values 8.37 mh and 
7.50 /xf for L and C, Coils may be 
wound especially for this value, and 
standard-size capacitors may be 
connected in parallel to make up the 
required capacitance within 5 to 
10 percent. 

It is permissible to redesign the 
network for a slightly different 
crossover frequency to permit use 
of standard capacitors. New values 
taken off the chart, starting from 
the intersection of the 15-ohm and 
8-/if lines, are 938 cycles and 3.60 
mh. 

Example 2: A dividing network 
is required for use in a 600-ohm 
line, the crossover frequency to be 
500 cycles. This installation will 


require the use of separate auto¬ 
transformers to match the low- and 
high-frequency units to the 600- 
ohm outputs of the network. Since 
600 ohms does not appear on the 
chart, preliminary values must be 
determined from the intersection of 
the 60-ohm and 500-cycle lines; 
these are found to be 27 mh and 3.75 
/if. Since the value for must be 
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FIG. 2—Circuit of parallel-type constant-re* 
slftance dividing network, with design 
equotions (L is In henrys. C is in iorads, 
f is crossover frequency in cycles, and 
Is Impedonce In ohms of Input ond 
each output bronch of the network) 

multiplied by 10 and there is no 
change to be made in the frequency 
(/ multiplied by 1), the conditions 
for determining the final values are 
met by applying the multiplying 
factors on line 2 of the table. This 
gives final values of 600 ohms, 500 
cycles, 270 mh, and 0.375 /xf for the 
network. 
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Simple Harmonic Wave Analyzer 


Speed of testing and inspection of audio frequency devices is facilitated through use of a 
simple amplifier-filter-rectifier instrument, designed to read directly the amount of second 

and third harmonic distortion 

By R. F. THOMSON 


T he primary requisites of any 
audio amplifier are uniform fre¬ 
quency response and freedom from 
distortion. The frequency response 
can readily be found by point to 
point measurements with relatively 
inexpensive equipment. The har¬ 
monic distortion is a difficult prob¬ 
lem to solve, since it is done by an¬ 
alysis of the wave shape, which is a 
tedious job, or by means of a wave 
analyzer which involves an expen¬ 
sive piece of apparatus. 

A simple and relatively inexpen¬ 
sive harmonic wave analyzer has 
been designed and constructed which 
provides a means for determining 
the second and third harmonic con¬ 
tent of an amplifier or similar piece 
of apparatus operating in the audio 
frequency range. Fundamentally 
the method is based on the assump¬ 
tion that the harmonic content of 
the equipment under discussion is 
reasonably independent of fre¬ 
quency. This assumption is fulfilled 
quite well in audio amplifiers so 
long as the output load is a pure 
resistance. The instrument for 
making these harmonic measure¬ 
ments operates on the same principle 


as that of a wave analyzer. An ad¬ 
justable sinusoidal voltage of fixed 
frequency is applied to the equip¬ 
ment under test and a variable gain 
amplifier incorporated as part of the 
wave analyzer is adjusted until the 
output meter, fed through a filter 
of fundamental frequency, reads 
100 percent. The reading is also ob¬ 
tained for the magnitudes of the sec¬ 
ond and third harmonics, respec¬ 
tively, by noting the meter reading 
when the appropriate filter is 
switched into the circuit. 

As shown in the block diagram of 
Fig. 1, the fundamental parts of 
this instrument are an isolating 
amplifier, band-pass filters, a voltage 
amplifier, a rectifier and meter. The 
first amplifier is used to isolate the 
instrument from the circuit under 
test. The band-pass filters are tuned 
to pass only the desired funda¬ 
mental, second or third harmonic 
frequencies. Following the filters is 
a two-stage audio amplifier feeding 
a diode rectifier which in turn actu¬ 
ates a milliammeter having a range 
of 0-1 ma. 

A schematic wiring diagram of the 
wave analyzer, complete with power 


supply is shown in Fig. 2. A type 
6J7 connected as a triode, and trans- 
former-coupled to the filter, is used 
in the first stage. This stage must 
be free from harmonics and must be 
capable of feeding sufficient voltage 
into the filter. Several methods of 
feeding the filter without a trans¬ 
former were tried but none were 
satisfactory due to the low imped¬ 
ance of the filter. The matching 
transformer T, has a turns ratio of 
3.6 to 1 and is a universal plate-to- 
line transformer of good quality. 
This reflects a load of approximately 
7,500 ohms back to the plate. The 
filters provide a reactive load at fre¬ 
quencies removed from the pass fre¬ 
quency so this stage has to be 
matched near the point of maximum 
power transfer. 

Filter Coetiderotions 

The band-pass filters used in this 
instrument were of the conventional 
constant K prototype T section type. 
The input or characteristic imped¬ 
ance of this filter was 600 ohms and 
the bandwidth 500 cps. As the in¬ 
put and output inductances, iLi, are 
independent of the frequency and a 
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Fig. 2—Schematic wiring diagram oi the harmonic onalysor 


function of only the characteristic 
impedance and bandwith, they were 
connected directly into the circuit 
ahead of the band switch. The in¬ 
ductance used in this part was a 
telephone retardation coil with the 
iron core removed. These coils have 
an inductance of 0,191 henry and a 
comparatively high Q. The coils L* 
were receiving type radio frequency 
choke coils with sufficient turns re¬ 
moved to give the desired induc¬ 
tance. These inductances were meas¬ 
ured by resonating them at the de¬ 
sired frequency with laboratory 
standard condensers. The filter con¬ 
densers were chosen by again reso¬ 
nating them, with the corresponding 
inductance, at the desired frequency. 
This procedure was followed with 
each of the three arms of each filter. 
It is essential that the coils of the 
filters be of a relatively high Q to 
lessen the losses throughout the pass 
band. For this reason available 
iron-core coils were not feasible. The 
Q of these coils is about 10 which 
provides an attenuation of about 16 
db over the pass band. Values for 
the various parameters of the filters 
are given in Fig. 3. These filters 
gave approximately 71 db attenua¬ 
tion at the unwanted frequencies. 

Because the voltage output of the 
filters is very small (a maximum of 
0.07 volts), two additional stages of 
amplification are necessary to raise 


this voltage to a reasonable amount. 
This is accomplished by means of a 
606 connected as a conventional volt¬ 
age amplifier, and resistance coupled 
to the succeeding stage. Distortion 
in this stage is of no consequence as 
the change of wave shape would only 
tend to cause a slight change of the 
meter reading which would auto¬ 
matically be compensated for in the 
calibration. 

The signal is then amplified by 
the triode portion of a type 75 and 
is then fed into the diode section of 
the tube which acts as a full wave 
rectifier. The rectified current is 
read from the 0-1 milliammeter. 
This type of metering circuit was 
used as it gave very nearly a straight 
line scale. It was thought that this 
system would also require no zero 
adjustment. This did not prove true 
as a steady current of about 0.06 
milliampere had to be bucked out by 
feeding a small voltage back from 
the power supply. The tap on the 
voltage divider is determined by 
trial as the current to be bucked out 
varies for different tubes. 

Since the calibration of the volt¬ 
meter was very nearly linear, it was 
found convenient to provide three 
ranges having full scale distortion 
readings of 100 percent, 50 percent 
and 10 percent. These scales will 
give readily ascertainable readings 
of harmonics to a low as 0.2 of 1 


percent. The scale change was ac¬ 
complished by means of a series of 
resistors and a three point tap switch 
connected as the grid resistor of the 
75 triode. With E, and E, equal, and 
ft equal to 8 /2„ the full scale 
readings of the meter will be 100, 
50, and 10 percent. 

Inttrvmanf Caltbratlon 

Calibration of this instrument is a 
rather simple procedure and can be 
done in either of two ways. The first 
method used was to feed a 2000 cps 
signal of adjustable amplitude into 
the instrument and to determine the 
output meter reading in terms of 
the input voltage. This procedure 
was then repeated with adjustable 
voltages of 4,000 and 6,000 cps. The 
harmonic distortion was then calcu¬ 
lated and calibration curves were 
then plotted showing the percent of 
harmonic distortion against the out¬ 
put current. With this method there 
will be little error introduced by 
aging of the tubes. 

The second method of calibration 
uses two oscillators, the first of 
which must be free of harmonics. 
Such a sinusoidal oscillator may be 
obtained by inserting a 2000 cps 
band-pass filter in the output of the 
laboratory oscillator or generator. 
The output of the second oscillator 
is fed into the instrument in series 
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Fig. 4—Circuit connuctioni ui«d in calibrating th« harmonic Fig. 5—Typicol calibration curro lor analyior. Tho harmonic 

onolytor contont In porcont it directly reodablo from motor Indication 


with that of the2»000 cps oscillator 
as shown in Fig. 4. Meters are 
placed across the output of both 
oscillators and the harmonic voltage, 
which is thus artifically generated, 
can be read directly. It is important 
that the mixing resistances be linear 
U.e., independent of voltage or cur¬ 
rent) to prevent modulation of one 
oscillator by the other. 

The voltage of the No. 1 or dis¬ 
tortionless oscillator is adjusted for 
full scale reading of the meter with 
the ^000 cps filter connected in the 
wave analyzer. The 4p00 cps filter 
of the analyzer is then cut in. The 
voltage of the 4000 cps oscillator is 
gradually increased and -a curve of 
harmonic voltage against output cur¬ 
rent is plotted for second harmonic 
distortion. This procedure is re¬ 
peated for the third harmonic and 
the percentage distortion is de¬ 


termined as in the previous method. 
These two methods of calibration 
checked with a maximum difference 
of 2 percent, which occurred near 
full scale readings. Calibration curve 
for the second harmonic is shown in 
Fig. 5. The third harmonic cali¬ 
bration was practically identical. 

By properly apportioning the scale 
changing resistances jR„ and i?,, 
as previously described, a single 
calibration curve may be used for 
the instrument if all filters have the 
same mid-frequency attenuation. 
The mid-frequency attenuation of 
the filters may be adjusted by con¬ 
necting an appropriate resistor 
across the shunt arm inductance, La. 
In this instrument, it was necessary 
to shunt the 4000 cps filter with a 
220 ohm resistance to make the at¬ 
tenuation equal to that of the 6000 
cps filter. 


Operation of this analyzer is rela¬ 
tively simple and rapid. The device 
to be measured is supplied with a 
2000 cps distortionless or sinusoidal 
voltage and the output from the de¬ 
vice connected directly to the an¬ 
alyzer. With the 2000 cps filter in 
the circuit and the meter switched 
to the 100 percent position, the gain 
control of the analyzer is adjusted 
to give full scale reading of the 
meter. The 4000 and 6000 cps filters 
are then switched in and the magni¬ 
tudes of the second and third har¬ 
monic voltages are read respectively. 
The minimum voltage necessary to 
operate this instrument is approxi¬ 
mately 4 volts. 

This instrument has been found 
very useful in measuring the har¬ 
monic content of various amplifiers 
constructed in the laboratory and in 
other experiments. 









AUDIO 


97 


Wow Meter for Turntable Testing 

A toothed wheel rotating between two pickup coils connected for maximum output gen¬ 
erates a tone. Output is fed through a peak clipper to a discriminator and rectifier. 
Instantaneous speed variation is shown directly on a calibrated meter 

By 6. L. SANSBURY and E. W. PAPPENFUS 


I N DISC RECORDING a common but 
annoying fault in reproduction is 
instantaneous speed variation of the 
turntable commonly called wow. 
Everyone is familiar with the dis¬ 
cordant quavering of sustained 
piano or bell tones that are encoun¬ 
tered in the reproduction of phono¬ 
graph music. This is the direct re¬ 
sult of turntable speed variation. 

Wow can be detected by the lis¬ 
tener when it occurs at a relatively 
low cyclic rate. One to three cycles 
per second in variation of frequency 
at 1,000 cycles seems to give the 
most noticeable wow at that fre¬ 
quency. The amount of wow that is 
detectable varies with frequency. A 
small amount is noticeable at high 
frequencies but only larger amounts 
at low; that is, a larger percentage 
of variation in frequency is toler¬ 
able when a low frequency is being 
reproduced.' In general, three- 
tenths of one percent instantaneous 
speed variation is the maximum 
that can be tolerated at any fre¬ 
quency without introducing notice¬ 
able frequency change in the repro¬ 
duced tone. 

CflM#s of Voriatian 

There are a number of reasons 
for wow in turntables and these 
may be classified by the type of 
drive used. 

In the rim-driven turntable ec¬ 
centricity of the spindle, oval shape 
of the turntable, line frequency or 
between the spindle and the surface 
of the turntable, line frequency or 
voltage fluctuation, as well as varia¬ 
tions in friction of any part of the 
driving mechanism during a por¬ 
tion of a revolution result in wow. 
lathe spindle-driven turntable, out- 
of-round shaping of the turntable 
does not cause wow, but eccentrici¬ 


ties in the driving gears or an ec¬ 
centric spindle drive contribute to 
wow. Again, nonuniform bearing 
friction, variations in line fre¬ 
quency and voltage, and any inac¬ 
curacies in the drive mechanism 
tend to produce speed variation. An¬ 
other factor that is somewhat diffi¬ 
cult to control on the spindle-driven 
turntable is mechanical damping of 
the mechanism as the turntable is 
started. Frequently the turntable 
comes up to speed and overshoots 
slightly, then oscillates about the 
desired speed for a short time be¬ 
fore it settles down to its constant- 
speed operation. In both types of 
turntable, variation in groove am¬ 
plitude of the record causes a varia¬ 
tion in torque that results in instan¬ 
taneous speed variation if the drive 
motor doe.s not have sufficient power 
or if the inertia of the turntable 
and its associated mechanism is not 
sufficient to carry through the mo¬ 
mentary periods of greater torque 
requirements. This effect is similar 
to the problems involved in the 
design of a flywheel to maintain a 
required stability. 

Since the requirements for con¬ 
stancy of speed in the phonograph 
turntable are so rigorous, it is im¬ 
portant that a convenient means be 
devised for measuring instanta¬ 
neous speed variation. 

There are a number of methods 
by which the wow of a turntable 
might be measured. 

Totflag Matliods 

A method that comes to mind im¬ 
mediately is the familiar strobo¬ 
scopic disc which is viewed in a 60- 
cycle light source. By observing the 
position of the dots or lines on the 
disc as the turntable is rotated, it 
is possible to check the average 


speed of the turntable. This method, 
however, is not practical for check¬ 
ing the instantaneous speed varia¬ 
tion with an accuracy which is 
necessary in order to have a quanti- 
tativemeasure of turntable perform¬ 
ance. It is true that the stroboscope 
disc does show up variations in 
turntable speed in the advancing 
rotation or reverse rotation of the 
virtual marks of the stroboscopic 
disc; but the motion is not easily 
measured because it ordinarily va¬ 
ries at a rate equal to that of turn¬ 
table rotation. Since this method 
necessarily involves visual inspec¬ 
tion, the observer errors are large. 

Another method is to play a con¬ 
stant-tone record on the turntable 
using a conventional pickup, ampli¬ 
fier, and a frequency measuring sys¬ 
tem. There are a number of reasons 
why this is not entirely practical 
except as a rough approximation. 
This system must necessarily in¬ 
clude any wow which is present in 
the original recording. It also in¬ 
cludes wow contributed by any ec¬ 
centricity of the record owing to 
off-center stamping of the blank or 
clearance in the center hole. These 
contributions to instantaneous fre¬ 
quency variation may add to or 
subtract from that present in the 
turntable being tested. 

Another suggested means is to 
use a purely mechanical differentia¬ 
ting speedometer to measure instan¬ 
taneous speed variation. This would 
be a rather difficult mechanical 
problem because the mechanism of 
the wow meter itself must be better 
at all times than the mechanism of 
the turntable. Building any measur¬ 
ing device to measure to within 
one-tenth of one percent is a major 
design problem. The differentiating 
speedometer must contribute no 
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FKS. 2—^Eitoct oi wow on a linflo pickup eoU (A and B) and o pair boarlng on 
tho eonlor oi tho tono whoot (C) 


friction to the turntable itself and it 
must have low inertia so that it 
does not reflect into the turntable a 
speed variation which is not pres¬ 
ent normally. 

The most practical means by 
which the instantaneous speed vari¬ 
ation of a turntable can be meas¬ 
ured seems to be the method sug- 
gested by H. E. Roys* in which a 
gear blank is cut with a suitable 
number of teeth so that by using 
magnetic pickup from the teeth a 
convenient tone is generated. This 
tone is fed into an amplifier and a 
frequency measuring circuit that 
operates a meter indicating the 
instantaneous speed variation. A 
gear is admirably suited for the 
generation of a constant tone be¬ 
cause it is possible to machine the 
teeth accurately so that the errors 
in tooth spacing contribute very 
little to the error of measurement. 
The centering of the gear can be 
accurately maintained because the 
inside framework is constructed of 
metal as shown in Pig. 1. 

Gear Dimtmlont 

The gear wheel is cut from a plate 
of cold-rolled steel and mounted on 
an aluminum ^eiel having its cen¬ 
ter at the center of the turntable. 
The gear has a pitch diameter of 
18.750 inches, and a diametral pitch 
of 56, giving an output of 1,004 cps 
at 78 rpm and 427 cps at 88i rpm. 
A center-drilled shaft brings about 
alignment of the centers of the tone 
wheel and the turntable record- cen¬ 
tering pin. Three screws are used 
for leveling the wheel on the turn¬ 
table so that the pole piece of the 


pickup coil is in horizontal align¬ 
ment with the teeth of the tone 
wheel. 

At first thought it might seem 
that a single magnetic pickup from 
the tone wheel would be satisfac¬ 
tory. This, however, is not true. A 
single pickup coil would introduce 
a variation in tone generated by 
the gear itself owing to eccentrici¬ 
ties that might be present. This 
effect is shown in Pigs. 2A and 2B, 
in which the center of the tone 
wheel and the center of the turn¬ 
table do not coincide. With the 
turntable and the tone wheel in the 
position 2A, the peripheral velocity 
at coil 1 is equal to the average 
speed of the turntable, while at 2B 
it is seen that because of the de¬ 
creased radius the peripheral veloc¬ 
ity adjacent to coil 1 is lower than 
the average. At coil 2 the velocity 
and hence the tone is higher than 
the average. 

This effect suggests the spacing 
of two pickup coils at diametrically 
opposite points in the circumference 
of the tone wheel, so phased that a 
double voltage is obtained. Assum¬ 
ing a sinusoidal voltage from the 
coil (the output is actually very 
close to a sine wave), then the volt¬ 
age from coil 1 is Em*m sin ((st 4* 0) 
and the voltage from coil 2 is 
sin (<Dt — 0) where 0 is a variable 
which varies throughout the revolu¬ 
tion. The two expressions for the 
voltage output from the pickup coil 
are seen to be phase modulated and 
the voltage from either of the coils 
would therefore result in an errone¬ 
ous answer from any simple form 
of indicating circuit If the two 


voltages are added together the sum 
is 2E«.« sin <i>t cos 0. This operation 
demonstrates that the phase modu¬ 
lation drops out, leaving an ampli¬ 
tude term cos 0. Thus by using two 
coils an output voltage is obtained, 
the frequency of which is directly 
proportional to the speed of rotation 
of the turntable. 

Originally, for the sake of con¬ 
venience, the pickup coils were sus¬ 
pended on a bearing at the center 
of the tone wheel with one end of 
the pickup coil assembly prevented 
from rotating with the turntable by 
abutment with a fixed stop. In Fig. 
2C is shown the result of having the 
pickup coil assembly eccentric with 
regard to the center of rotation of 
the turntable. If coil 2 is fixed in 
space, coil 1 oscillates between the 
solid and the dotted positions indi¬ 
cated in Fig. 2C, resulting in a vari¬ 
ational output that is not balanced 
out even through the addition of 
the two coil output voltages. 

The coils are made from number 
30 wire, scramble wound, approxi¬ 
mately 1,500 turns. A pole piece of 
cold-rolled steel projects through 
the pickup coil and is magnetically 
coupled to a permanent magnet of 
the type used in a moving coil 
meter and to the teeth of the gear. 
The exact magnetic structure of 
the pickup coil assembly is not im¬ 
portant, since a satisfactory output 
is obtained with no difficulty. 

Centariiig Hia Astambly 

At the center of the assembly is 
a tapered centering shaft that is 
pressed down to engage with the 
center hole of the tone wheel so 
that the pickup coil assembly is 
properly positioned. Upon release 
of the centering shaft, the pickup 
coil assembly is supported at its 
extremities from the surface of the 
turntable cabinet. Adjusting screws 
are provided so that the pole pieces 
and pickup coils can be shifted 
slightly to obtain maximum voltage 
from the system. A maximum volt¬ 
age is secured when the two coils 
are in corresponding positions with 
regard to gear teeth, giving an out¬ 
put voltage from each coil so phased 
that they combine additively. 







AUDIO 


99 



A wow meter developed by the 
writers for production testing of 
transcription turntables is built for 
mounting in a standard speech rack 
and is selfcontained except for the 
power supply. Provision for check¬ 
ing the turntables at both 83i and 
78 rpm is included. At the left of 
the practical instrument is a 
meter directly calibrated in per¬ 
cent wow. On the right is a volume 
indicator for establishing the 
proper level for satisfactory oper¬ 
ation. Below the volume indicator 
are two locking potentiometers for 
zeroing the volume indicator at both 
frequencies of operation. Below the 
wow indicating meter on the left is 
a meter shorting switch and the 
master gain control, as well as the 
33i and 78 rpm changeover switch. 

In the schematic diagram of Fig. 
3 may be seen a conventional volt¬ 
age amplifier upon which no par¬ 
ticular effort was expended to se¬ 
cure extended frequency response 
beyond 1,000 cycles and below 400 
cycles. The input transformer 
matches the output of the pickup 
coils to the input grid with an im¬ 
pedance ratio of approximately 260 
to 30,000 ohms. The first stage of 
the voltage amplifier uses a high-mu 
6SF5 tube. The audio is then fed 
into a limiter circuit of the biased- 
diode type using germanium 1N34 
diodes. This is in reality a peak 
clipper in which the diodes are 
biased with a voltage obtained 
from the cathode circuit of the 
aecond amplifier stage. A series grid 
resistor of 1 megohm provides a 
bigh impedance source so that ef¬ 
fective peak clipping occurs when¬ 


ever the peak a-c voltage exceeds 
the bias provided by the cathode 
circuit. The second amplifier stage 
consists of a 6J5 feeding the two 
output tubes. Since high frequency 
response is not required, it is satis¬ 
factory to feed the two 6V6 grid 
circuits in parallel. One 6V6 feeds 
the push-pull and the other the 
series portion of the discriminator 
circuit. A single 6H6 serves as a 
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discriminator rectifier feeding a 
zero-center microammeter with an 
undamped movement. Two sets of 
capacitors, Ci and C» for 38i and 
C» and Ci, for 78 rpm, makes possible 
a more flexible wow meter for use 
with both turntable speeds. The 
variable portions of this tuned cir¬ 
cuit Cx and Ci are high-capacitance 
variable ceramic capacitors that are 
convenient in this application. A 
volume indicator is connected across 
the output of one of the 6V6 tubes 
30 that the proper voltage may be 
fed into the discriminator for satis¬ 
factory operation. This meter is 
switched with the variable capaci¬ 
tors used to tune the discriminator. 
Two 6,000-ohm potentiometers are 


used to adjust the volume indicator 
to zero at the level at which calibra¬ 
tion was made. A shorting switch 
must be provided to protect the 
meter as the turntable comes up to 
speed. With a sensitive circuit such 
as must be used to detect wow of 0.1 
percent, excessive deflection occurs 
with large frequency differences 
that are present before the turn¬ 
table reaches its correct operating 
speed. Without the shorting switch 
severe pinning of the meter occurs 
during the starting of the turn¬ 
table. The resonant circuit of the 
discriminator must use a high-Q 
audio coil at Lx to secure adequate 
sensitivity. Since the inductance of 
Lx varies with the a-c voltage pres¬ 
ent across it, it is necessary to hold 
the level into the discriminator at 
a value corresponding to that which 
was used during calibration. 

Steedards ef CallbraHea 

The block diagram in Fig. 4 
shows a method by which the wow 
meter can be calibrated. Oscillator 
1 is fed into the wow meter and 
the vertical plates of an oscilloscope, 
while oscillator 2 feeds the hori¬ 
zontal plates of the scope only. With 
the two oscillators at the same fre¬ 
quency, the usual circular pattern is 
observed on the screen. 

Before indicating how to measure 
minute frequency variations accu¬ 
rately, the fundamental relationship 
of Lissajous figure should be re¬ 
viewed. The figure seen when there 
is a slight variation in frequency 
between the two input voltages ap¬ 
plied to an oscilloscope progresses 
from a circle to a straight line, to 
a circle to a straight line, and so on. 
The figure passes through two 
straight line portions a second for 
a frequency difference of one cycle 
a second. By using a stop watch and 
counting for a period of a half 
minute or so, it is possible to meas¬ 
ure the frequency of the oscillator 
accurately even to a portion of a 
cycle a second as is required in 
practical wow measurements. In a 
like manner, for each frequency dif¬ 
ference at which the meter is to be 
calibrated the reading of the dis¬ 
criminator is recorded. This plot of 
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readings gives an accurate calibra¬ 
tion of the wow meter. By repeat¬ 
ing the process it is possible to cali¬ 
brate the meter to read both at 78 
and 33} rpm. Since the microam¬ 
meter used is undamped, the meter 


swings up and down scale in syn¬ 
chronism with the wow frequency 
during the operation of the instru¬ 
ment. The peak wow is half the 
total deflection plus and minus from 
the average position of the meter. 
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Microphone Calibrator 

Simple, rapid and reasonably accurate method of measur¬ 
ing sensitivity, frequency response and polar response with¬ 
out a costly free-field anechoic chamber. Below 1,000 cycles 
a long wood tube absorbs unwanted sound. Higher fre¬ 
quencies are pulsed and recording is done before reflected 
sound returns to microphone 

By D. H. BASTIN 


T he field calibration of a mi¬ 
crophone requires that the 
microphone be placed in a plane 
sound field of known intensity. This 
type of calibration differs from a 
pressure calibration in that the 
effect of diffraction around the 
microphone is charged up as part of 
the response of the microphone. It 
is therefore the most useful type 
of calibration for microphone.^ used 
in broadcasting. 

Inexpensive Deed Reom 

Obtaining the required sound 
field indoors is a matter of some 
difficulty because reflections build 
up standing waves to give a nonuni¬ 
form sound field. The usual method 
of obtaining the sound field by the 
use of free-held or anechoic cham¬ 
bers was felt to be too expensive for 
the present project, so two less ex¬ 
pansive devices are used to obtain 
the required field, one operating 
from 90 to 1,000 cycles and the 
other unit operating from 1,000 to 
15,000 cycles. 

The two measuring techniques 
involved, outlined below, were de¬ 
veloped for use on all microphones 
used in CBC studios across Canada. 
In both, the microidione being 
tested is compared against a 
standard microphone by a two- 
channel logarithmic voltmeter that 


automatically plots the response in 
decibels against frequency. The 
system can also be used for record¬ 
ing loudspeaker response and polar 
diagrams. 

Low-Frequency Cliomber 

The frequency response from 80 
to 1,000 cycles is measured by plac¬ 
ing the microphone three feet from 
the end of a wooden tube 80 feet 
long and 11 by 11 inches in cross 
section. A drawing of the tube is 
shown in Fig. 1. At the end of the 
tube near the microphone is a loud¬ 
speaker. That part of the tube on 
the far side of the microphone con¬ 
tains curtains of cotton quilting 
hung across the tube in increasing 
amounts to form an acoustic resist¬ 
ance to absorb the energy of the 
sound passing from the loud- 
.speaker. The treatment is adjusted 
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until the acoustic impedance look¬ 
ing into the tube is approximately 
that of open air. 

Mounted beside the microphone 
being tested is a small standard 
microphone, having flat response 
over the 30 to 1,000-cycle range, 
and of known sensitivity. The out¬ 
puts of the two microphones are fed 
to the measuring rack and as the 
frequency of the loudspeaker sig¬ 
nal is slowly changed the response 
curve is automatically plotted. 

High-Frequency Pulse System 

Over the range above 1,000 cycles 
a pulsing system is used to obtain 
effective free-field conditions. The 
microphone to be tested and a small 
loudspeaker are set up about three 
feet apart in a studio or small room. 
Midway between the microphone 
and loudspeaker is placed a small 
standard microphone. 

A short pulse of sound at the de¬ 
sired frequency is transmitted from 
the loudspeaker, and the resulting 
output from the microphone is 
measured before enough time has 
elapsed for reflected sound from the 
nearest wall to arrive back at the 
microphone. The pulse is repeated 
at intervals long enough to allow 
reflection.H to die out between pulses. 
During the pulsing the frequency 
of the oscillator driving the loud¬ 
speaker is slowly changed and the 
response curve is automatically 
plotted by a logarithmic recording 
voltmeter. By rotating the micro¬ 
phone undergoing test a polar dia¬ 
gram of the response at any fre¬ 
quency can be plotted. 

Pulse Length 

The length of the pulse that is 
used is 10 milliseconds and the pulse 
is repeated 10 times every second. 
With a pulse of 10 milliseconds 
length and a sound velocity of 1,100 
feet per second the sound path be¬ 
fore the first reflection can reach 
the microphone is 11 feet. This 
means that the microphone can be 
half this distance or within 5i feet 
of the nearest wall, hence a com¬ 
paratively small room is suitable 
for the measurement. 

At 1,000 cycles a pulse of 10 milli¬ 


seconds consi.sts of only 10 cycles, 
of which the first and last few 
cycles are obscured by transients, 
so that 1,000 cycles is about the 
low-frequency limit of this pulsing 
system. In a larger room a longer 
pulse could be u.sed, and conse¬ 
quently a lower frequency could be 
reached. On the microphone chan¬ 
nels the beginning and end of the 
pulses are clipped to remove tran¬ 
sients from the pulses before com¬ 
paring the two signals. 

No .special treatment is required 
on the walls of the room used for 
this part of the test, for the repeti¬ 
tion rate of 10 per second allows 
sufficient time between pulses for 
reflected sound to drop to a negli¬ 
gible value before the next pulse is 
transmitted. 

The sound source used for the 
high-frequency test is a small dy¬ 
namic loudspeaker that was found 
to have adequate output up to 15 kc. 
As will be noted later, the response 
of the source is not critical in this 
method, 

Standord Microphone 

The standard microphone is a 
small type Ml01 crystal unit 6 by 
15/16 inch in size, manufactured 
by Massa Laboratories/ The pre¬ 
amplifier housing supports the 
standard microphone in the position 
for minimum diffraction effect, 


with the end of the crystal unit par¬ 
allel to the sound axis. In this posi¬ 
tion the diffraction effect is neglig¬ 
ible below 10 kc, and the response 
can be considered flat. A reciproc¬ 
ity calibration on this unit gave a 
value of sensitivity in good agree¬ 
ment w'ith the value stated by the 
manufacturer. 

The preamplifier housing con¬ 
tains a 9002 tube connected as a 
cathode follower, acting as an 
impedance changer between the 
high impedance of the crystal and 
the low-impedance output. Termi¬ 
nals are provided on the preampli¬ 
fier for injecting a signal in series 
with the crystal for making overall 
electrical calibration of the asso¬ 
ciated equipment. 

Tests have shown that at the 
testing distances used, 15 inches to 
the standard microphone and 30 
inches to the other microphone, 
neither microphone has appreciable 
influence on the sound intensity at 
the other, and for the period of the 
pulse each microphone is in a pro¬ 
gressive sound wave, the pressure 
at the nearer microphone being 
twice that at the other. In the low- 
frequency tube an inexpensive 
crystal microphone is used as the 
standard, and is checked at inter¬ 
vals against the Massa standard. 

The absolute accuracy of the 
measurements depends upon the 



FIG. 3—Circuit ol Tollmulur providing logorllhmic ompUlieotlon ovor rctngo of 46 db 
oi roqiilrod for plotting rotponto curvoi in db 
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standard microphone, but the t 3 rpe 
of crystal microphone used appears 
to be stable, and a reciprocity cali¬ 
bration can be made upon it at any 
time if required. 

Rock Equipmonf 

Both parts of the calibration 
method require the comparison of 
the outputs of the two microphones. 
This comparison is carried out in 
the rack of equipment shown in the 
block diagram in Fig. 2. 

The rack contains amplifiers for 
the two microphone channels, a 
logarithmic voltmeter which com¬ 
pares the outputs of the two micro¬ 
phones, a recording meter, an audio 
oscillator with a motor drive on the 
frequency dial, a power amplifier 
to drive a loudspeaker, an auto¬ 
matic pressure control, pulsing 
switches and a cathode-ray oscil¬ 
loscope for waveform examination. 

The two microphone channels are 
similar, each consisting of an ampli¬ 
fier, attenuator, rectifier and log¬ 
arithmic stage. The attenuator 
controls are marked directly in 
decibels on the front panel. Each 
amplifier is followed by a cathode 
follower, using a 6AC7 as shown in 
Fig. 3 to provide a low-impedance 
source and so avoid peak clipping 
by the rectifier action. The 6H6 
rectifiers are connected as voltage 
doublers. The maximum undis¬ 
torted signal available from the 
cathode follower is about 100 volts, 
hence the peak d-c output from the 
rectifier is about 200 volts, or 46 
db above the minimum usable out¬ 
put of 1 volt. Below 1 volt the 
initial current from the diodes be¬ 
comes important, introducing non¬ 
linearity. 

Since only the amplitudes of the 
pulses are compared, the rectifier 
circuit has a slyort charge time con¬ 
stant, in order that the amplitude 
of the signal can rise to full value 
during the first millisecond of pulse. 
The discharge time constant is long, 
however, in order that the rectified 
level does not fall appreciably dur¬ 
ing the tenth second between pulses. 

Logarithmic action is obtained by 
applying the positive voltage from 
the rectifier through a 10-megohm 
resistor to the grid of a 6SN76T 


triode section operating with 26 
volts plate supply. Because the 
emission velocities of the electrons 
given off by a hot cathode follow a 
Maxwellian distribution, the grid 
current which flows bears a 
logarithmic relation to the applied 
voltage. This logarithmic change 
in grid current produces a corres¬ 
ponding change in grid-to-cathode 
voltage, which is amplified and ap¬ 
pears as a change in plate potential. 
The circuit as developed by Walter 
Ives* i.s accurately logarithmic over 
about 46 db, the limitations lying 
not in the log tube but in the recti¬ 
fier and amplifier ahead of the log 
tube. 

The direct-current output of the 
two logarithmic stages is further 
amplified by direct-coupled 6V6 
tubes connected as cathode follow¬ 
ers and fed to the recording mil- 
liammeter, which is a standard 
5-ma Esterline-Angus meter. A 
potentiometer at the midpoint of 
the cathode resistors of the 6V6 
tubes enables the two channels to be 
balanced so that equal signals on 
the two channels give center-scale 
deflection of the meter. This meter 
responds to the difference between 
the output of the two channels, and 
so is equivalent to the difference of 
the logarithms of the two micro¬ 
phone signals, and hence to the ratio 
of the two microphone responses. 
Since the response of the standard 
microphone is known to be flat, the 
result is the response curve of the 
unknown microphone plotted in db 
against frequency on the recording 
meter chart. 

Recording Method 

A sensitivity control in series 
with the meter can be set so that 
one division of the chart paper rep¬ 
resents one db. The absolute sensi¬ 
tivity represented by the center line 
on the chart is found by subtract¬ 
ing the difference in gain of the two 
microphone channels, easily read 
off the two panel attenuators, from 
the sensitivity of the standard mi¬ 
crophone. The two-channel con¬ 
struction tends to balance out 
effects of line voltage variation. In 
addition, electronic regulation is 
used on the plate supply for the 


logarithmic stage and direct- 
coupled amplifier. The stability of 
the gear is sufficient so that meas¬ 
urements remain accurate to within 
one db over long periods. 

A small motor synchronized with 
the paper drive on the recording 
meter slowly changes the frequency 
of the oscillator driving the loud¬ 
speaker. The speed at which the 
oscillator frequency can be varied 
is dependent on the time constant of 
the rectifiers, which is relatively 
long. Even with this restriction, 
however, it only takes three minutes 
to traverse the frequency range 
from 30 to 16,000 cycles. 

The curved coordinates produced 
by the meter are not as convenient 
to use as rectangular coordinates, 
but when a transparent scale 
marked in frequency is laid over 
the chart the sensitivity at any 
frequency can readily be read off. 

For the low-frequency test in the 
tube no pulsing is used. The oscil¬ 
lator frequency is simply varied 
slowly as the response is plotted. 
For the high-frequency test the 
loudspeaker signal must be pulsed. 
This is done by a motor-driven com¬ 
mutator-type switch which shorts 
the oscillator signal except for the 
period of the pulse. Other commu¬ 
tators mounted on the same shaft 
short the microphone channels for a 
slightly longer period, clipping the 
transients from the beginning and 
end of the loudspeaker pulse. These 
commutators have to be phased on 
the shaft to allow for the time in¬ 
terval taken by the sound in travel¬ 
ling from the loudspeaker to each 
microphone. 

It is difficult to find a loudspeaker 
or any sound source that has an out¬ 
put independent of frequency, but 
since this method compares the out¬ 
puts of two microphones it does not 
greatly matter what variations 
occur in the sound output of the 
loudspeaker. However, to maintain 
approximately constant sound level 
at the microphone and to insure 
that the 46-db range of the volt¬ 
meter is not exceeded, a portion of 
the output of the standard flat-re¬ 
sponse microphone is fed to the 
automatic pressure control, a vari¬ 
able-gain amplifier in the loud- 
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speaker circuit. Here it controls 
the signal fed to the loudspeaker, 
increasing the output when the 
loudspeaker response drops, and 
decreasing the output when it tends 
to increase. 

The cathode-ray oscilloscope 
mounted in the rack is useful for 
visual checks on wave form. It 
quickly shows up, for example, the 
characteristic distortion produced 
in a velocity microphone when the 
ribbon strikes a pole piece during 
part of a cycle. The picture of the 
pulse received by a microphone will 
show up excessive distortion if 
present, but unfortunately the puls¬ 
ing system is not easily adapted 
for distortion checks, although very 
satisfactory for response measure¬ 
ments. When checking loudspeak¬ 
ers the shape of the pulse is very 
useful for giving a qualitative 
measure of the transient response. 

Polor Retponie Curvet 

P'or normal tests the microphone 
is terminated at the input of the 
rack in a resistive load of 500 ohms, 
corresponding to the input im¬ 
pedance of standard speech equip¬ 
ment. The response curve then in¬ 
cludes the loading effect of the 


termination on the internal imped¬ 
ance of the microphone, an effect 
which in most microphones reduces 
the sensitivity at the higher fre¬ 
quencies. If desired, other termi¬ 
nations may be selected by a panel 
switch. The stand carrying the 
microphone under test can be 
rotated by. a small motor for the 
automatic plotting of polar re¬ 
sponse curves. 

Besides measuring the response 
of microphones, the equipment us¬ 
ing the pulsing system can be used 
to measure the response and polar 
distribution of loudspeakers above 
1,000 cycles. For this test the 
standard microphone is placed in 
front of the loudspeaker to be 
tested, and a portion of the voltage 
applied to the voice coil is fed to 
one of the microphone channels in 
the rack. The curve plotted is the 
acoustic output of the loudspeaker 
for constant voltage on the voice 
coil, corresponding to the response 
that would be obtained if the loud¬ 
speaker were fed from a source 
having zero internal impedance. 
The response curve for other source 
impedances can be calculated from 
impedance measurements, or 
quickly plotted by placing the de¬ 


sired impedance in series with the 
voice coil after the point at which 
the comparison voltage is picked off. 

The equipment described has 
been in routine use for almost a 
year. Since the calibration pro¬ 
cedure is rapid and almost auto¬ 
matic the effects of adjustments on 
the microphones can be quickly seen 
and the best adjustment readily 
made. 

The equipment has also been used 
to check new models of micro¬ 
phones, to measure the response 
and directional pattern of monitor 
loudspeakers, and for miscellaneous 
measurements, such as finding the 
transmission loss of loudspeaker 
grille cloth. If in the future a free- 
field room should become available 
the equipment can be used as it 
stands, simply by not using the 
pulsing switches. The equipment 
can also be readily adapted for 
more general laboratory purposes, 
such as measuring and plotting the 
response of filters or pickups. 
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Thermistor-Regulated Low-Frequency 

Oscillator 

Phase-shift oscillator with four cathode follower stages and a thermistor maintains output 
level within 10 percent over entire range of 0.9 to 10,000 cycles. Practical circuit with 
values of components is supplemented by design considerations and cathode follower theory 


T he Iffi!VEU>PMENT of instruments 
for vibration measurements, 
magnetic testing, geophysical explor¬ 
ation, and many other purposes re¬ 
quires a good low-frequency oscil¬ 
lator. The compact and reliable 
oacillator described covers the fre¬ 
quency range of 0.9 cycle to 10,000 
cycles in four decade ranges, with a 
tuning dial that varies the frequency 
continuously over a ratio of 0.9 to 10. 


By LAWRENCE FLEMIN6 

The same dial engraving serves for 
all four ranges, and accuracy of fre¬ 
quency setting is within 6 percent. 

Automatic amplitude control by 
means of a thermistor maintains the 
output level constant within approxi¬ 
mately 10 percent throughout the 
frequency range and keeps the dis¬ 
tortion close to li percent at all fre¬ 
quencies where it can be measured. 

The regulating action of the ther¬ 


mistor amplitude control is well 
damped, so that the output level of 
the oscillator has no tendency to hunt 
or overshoot in response to power 
line surges or to manipulation of the 
frequency dial on the range switch. 
The output is also completely free 
from any tendency to jump about. 

The principle of the oscillator cir¬ 
cuit is shown in Fig. 1. The E-C 
phase-shifting network is connected 
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FIG. 1—Basic ciicuit oi phase-shift 
oscillotor 

in the usual way between the plate 
and grid circuits of the triode. 
Roughly speaking, if the gain of the 
tube is greater than the loss through 
the network at that frequency where 
phase shift through the network is 
180 degrees, oscillation will occur.'* ** * 
For this circuit the gain required for 
oscillation is 29 and the frequency is 
/ = 1/27 cRCV 6 if the three sections 
of the network are alike. 

For given values of R and C, the 
oscillating frequency is six times 
lower for the type of network shown 
than for the configuration having 
series resistors and shunt capacitors. 

A thermistor, connected as the 
lower half of a voltage divider which 
includes resistor Rr in the feedback 
circuit, is employed to regulate the 
amplitude of oscillation. If the am¬ 
plitude of oscillation increases, the 
current through the thermistor rises. 
As its temperature rises its a-c re¬ 
sistance goes down, reducing the per¬ 
centage of signal fed back. The static 
characteristics of the Western Elec¬ 
tric lA thermistor are approximately 
as in Table I. 

The complete circuit of a practi¬ 
cal oscillator is given in Fig. 2. The 
frequency control dial rotates a 
three-gang potentiometer P, which 
with capacitors Ci to C, forms the 
controlling network of the phase- 
shift oscillator. Sets of capacitors 
are selected by a three-circuit four- 
position range switch to provide the 
four frequency ranges. To compen¬ 
sate for the effect of stray capaci¬ 
tance on the highest frequency 
range, part of one of the capacitive 
legs of the network (C.) is made 
adjustable. 

The dial scale tends to be crowded 
at the high-frequency end because 
the frequency is inversely propor¬ 
tional to the resistance in the net¬ 
work. The scale shape was improved 
by using special inverse square law 


tapered three-gang potentiometers. 
A logarithmic taper would have 
produced a logarithmic dial scale, 
having the same percentage accuracy 
of setting at all points. 

Cathode Follewort 

The oscillator circuit employs a 
single amplifier stage V,, operating 
at high level, and four cathode fol¬ 
lowers. Each of the latter has a def¬ 
inite use. 

The amplifier tube operates with 
no bypass, coupling, or decoupling 
capacitors whatever. Stray phase 
shifts outside the controlling net¬ 
work made up of ganged potentiom¬ 
eters A and capacitors Cx — C. 
affect the operations of the oscillator 
profoundly and must be avoided. 
The screen and bias voltages for the 
6J7 tube are semi-fixed. The vol¬ 
tage divider current was selected 
after some experimentation to give 
the best compromise between high 
gain and stability. The gain Is 80. 

Cathode follower Vg, direct-coupled 
to the plate of F,, is employed to 
drive the thermistor without loading 
down tube 7*. 

The thermistor amplitude control 
circuit is like that of Fig. 1 except 
for a special method of returning 
the low-potential end of the thermis¬ 
tor to ground. The thermistor is 


returned to the cathode of one sec¬ 
tion of the double triode V,. The 
series combination qf Rr and the 
thermistor thus extends between the 
cathode of Vg and the cathode of one 
section of Vg, These two cathodes 
are maintained at the same d-c 
potential by a path through 3-meg¬ 
ohm resistor Rg, through which the 
grids of the two triodes are kept at 
the same potential. Signal voltage 
is kept from the grid of the ground- 
return section of triode Vg by filter 
combination Rg — C,. 

The a-c impedance to ground of 
the cathode of the section of Vg being 
discussed is about 1,000 ohms since 
the tube is essentially a cathode fol¬ 
lower. This special ground return 
arrangement is necessary because of 
practical considerations of leakage 
in large capacitors. The thermistor 
could have been returned to ground 
through a large capacitor, about 
100 fxf, but an electrolytic capacitor 
in this application gives trouble due 
to its variations in d-c leakage. The 
leakage causes the operating point 
of the thermistor, and hence the 
signal level, to drift about. The com¬ 
bination of one section of triode Vg 
with Rg and Ct is really a scheme for 
making a small capacitor plus a tube 
act as a substitute for a very large 
capacitor. 
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Toble I—Static Characteristics of 
W.E. lA Thermistor 


Current 
in mil 

VnllHpe 
in volts 

A-C! reHistanoe 
in ohms 

l)elow 0.2 


50,000 

0.5 

15 

30,000 

0 8 

16 

20.000 

1 0 

16 

16.000 

2 0 

14 

7.000 

3 0 

12 

4,000 

.5 0 

10 

2,000 

10 0 

7 

700 


The junction of Rt and the ther¬ 
mistor is connected to the grid of the 
second triode section of F*, whose 
cathode acts as a low-impedance 
source for feeding the phase-shifting 
network. Thus, tube characteristics 
are made to have very little effect on 
the frequency of oscillation. 

All the above tubes receive their 
plate voltage from a pair of voltage- 
regulator tubes. The reduction of 
coupling due to the common imped¬ 
ance of the power supply is very 
necessary to avoid degeneration at 
low frequencies, but decoupling 
capacitors produce phase shifts that 
cause distortion and mistracking at 
the lowest frequencies. The rest of 
the power supply is conventional. 

The output stage uses a 6V6 tube, 
F4, operated as a cathode follower. 
There is no need for amplification 
here, but considerable need for isola¬ 
tion and low output impedance. A 
step attenuator is provided in the 
output of y, for convenience in ob¬ 
taining small output voltages. 

Tubes Vt, and V,, whose cath¬ 
odes operate at high d-c potentials 
above ground, are heated from a 
separate filament winding whose cen¬ 
ter tap is connected to the cathode 
of 

Capacitor C. is connected across 
Rt to compensate for phase shifts at 
high frequencies due to the plate- 
ground capacitance of pentode 
Such phase shifts make the oscilla¬ 



tion amplitude drop and make the 
frequency too low at dial settings of 
Px above 3 kc on the highest fre¬ 
quency range. Capacitor C« has the 
opposite effect. It can be chosen to 
give proper amplitude and dial scale 
tracking up to 10 kc. If C is too 
large, the frequency and amplitude 
will be too high for the dial setting. 

Generol Detign Censiderotions 

The effect of stay phase shifts on 
the performance of a phase-shift 
oscillator is important. In resis¬ 
tance-capacitance coupled amplifiers 
the output voltage tends to lead in 
phase the input voltage at low fre¬ 
quencies and to lag at high frequen¬ 
cies. The phase lead is introduced 
by interstage coupling capacitors, 
plate and screen RC decoupling net¬ 
works, cathode bypass capacitors, 
and the common capacitive imped¬ 
ance of the power supply. The phase 
lag at high frequencies is due to the 
shunt capacitances to ground across 
the plate and grid circuits of the 
tubes. 

In a phase-shift oscillator employ¬ 
ing a main network of the phase¬ 
leading type, such as the circuit of 
Fig. 1 and 2, additional leading 
phase shifts, such as those due to 
decoupling networks and the like, 
will increase the frequency of oscil¬ 
lation and decrease the gain required 
for oscillation (increase the ampli¬ 
tude and distortion). Stray lagging 
phase shifts, as those due to shunt 
circuit capacitance, will decrease the 
frequency below that which the main 
network would dictate, and increase 
the gain required to maintain oscil¬ 
lation (tend to make the device go 
out of oscillation). In an oscillator 
employing a network of the phase 
lag type these stray phase shifts 
have the converse effect. 

The undesirable effects of stray 
phase shifts become noticeable in 
oscillator circuits of this type per¬ 
haps two octaves nearer the mid¬ 
band frequency of the system than 
any amplitude effects of frequency 
response. Thus, in the oscillator 
described the amplifier portion is flat 
to well over 12,000 cycles, yet com¬ 
pensation is required for proper 
oscillation amplitude and tracking 
above 3,000 cycles. 


For fixed-frequency or narrow- 
range phase-shift oscillators, the 
leading type of phase-shifting net¬ 
work is best for low frequencies, be¬ 
cause the stray phase shifts usually 
present tend to aid oscillation. Con¬ 
versely, for high frequencies the 
lagging or low-pass type of network 
is the easiest to get working. 

It is not recommended that the 
type lA thermistor be employed as 
an amplitude control for frequencies 
lower than 1 cycle. This thermistor 
requires about 1.5 seconds to follow 
a change in current 90 percent of the 
way to equilibrium. Accordingly, 
the thermistor would introduce dis¬ 
tortion at 1 cycle were it not for the 
degenerative properties of the oscil¬ 
lator at harmonics of the oscillating 
frequency. Slower thermistors are 
made, but are less sensitive and less 
readily available than the type lA. 
The design problem is one of com¬ 
promising lowest distortion at the 
lowest frequency with the conveni¬ 
ence of a fast-acting amplitude con¬ 
trol. 

Measuring distortion at frequen¬ 
cies below 20 cycles is difficult. The 
waveform of the oscillator at 1 cycle 
looks like a pure sine wave when 
recorded on a Brush recorder, indi¬ 
cating an actual distortion of less 
than 6 or 10 percent at this fre¬ 
quency. 

Cethode Follower Theory 

In Fig. 3, if /x is the amplification 
factor of tube V, r, is the plate re¬ 
sistance of the tube, and n is the 
cathode load resistor, the a-c resist¬ 
ance R, looking at terminals X-Y is 

R, - , , \ ! 

1 M •+■ Tp/fk 

The gain VG of the stage then is 

^ *- (t - 

1 H- M + Tp/rk 

Values of bias, load resistor n, and 
maximum power and/or voltage out¬ 
put of a cathode follower are gov¬ 
erned by exactly the same consider¬ 
ations as if the tube were operated 
as a conventional resistance-coupled 
amplifier. The values of /x ^d more 
particularly of r, used should be the 
true values at the plate current at 
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which the tube is operating, not the 
published nominal values. 

The input capacitance of a cathode 
follower is 

+ (l-VG) 

where is the input capacitance, 


Cgp is the grid-plate capacitance, and 
Cgg is the grid to shell and heater 
capacitance. 
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Volume Compressor for Radio Stations 

A unique audio compressor circuit that permits boost¬ 
ing the average percentage modulation of a short-wave trans¬ 
mitter up to 90 percent. Response is flat to 14,000 cycles 


T he preponderance of sudden 
volume peaks in foreign-lan¬ 
guage programs and the desirability 
of operating U. S. short-wave trans¬ 
mitters with the highest possible av¬ 
erage percentage modulation for ef¬ 
fective competition in international 
broadcasting made it highly desir¬ 
able to use volume compressors on 
all programs. 

The special compressor circuit de¬ 
veloped for this purpose is shown in 


By GE0R6E Q. HERRICK 

Fig. 1. The input and output trans¬ 
formers are standard models, con¬ 
nected as shown at (a) in Fig. 2 
so that the windings have the indi¬ 
cated polarity. Between the cross¬ 
wires at P are resistors Rx and Rt, 
each shunted by one section of the 
6N7 double-triode control tube. 

Under normal conditions, when 
there are no peaks, the combined re¬ 
sistance of R^ and the tube is 
low because the triode sections have 



FIG. 2—SlmpUllMl diagroas of troailomior 
connoctiom 


a small negative bias (only developed 
across the 2000-ohm cathode resis¬ 
tor) and hence have fairly low plate 
resistance values. The two crossed 
wires can then be considered as con¬ 
nected together at P, placing the 
windings in series aiding as in Fig. 
2b and giving signal transfer from 
input to output as required. The in¬ 
sertion loss under this normal condi¬ 
tion is only 7 vu, easily made up in 
other amplifiers. 

The input signal is also applied 
through the 25,000-ohm potentiom¬ 
eter to the 6F8 push-pull voltage am¬ 
plifier stage, providing input voltage 
for the 6H6 signal rectifier tube. 
Diode plate current develops across 
the time constant circuit a voltage 
drop that acts in series with the 
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automatic C bias voltage across Rn 
and aids that voltage, thereby driving 
the control tube grids more negative. 
Under normal-signal conditions, this 
merely drives the operating point 
slightly farther down on the charac¬ 
teristic curve without bringing it to 
cutoff. 

Signal peaks increase the plate cur¬ 
rent through the time constant cir¬ 
cuit of the signal rectifier in propor¬ 
tion to signal peak intensity, thereby 
increasing the negative bias on the 
control tube. As this bias approaches 
the cutoff value, the plate resistances 
increase rapidly and the feed¬ 
through circuit approaches that 
shown in Fig. 2a, where there is no 
connection between the crossed wires 


at P. (Actually there is still 0.6 meg 
between the wires due to Pi and P*, 
but this can be considered infinitely 
high for purposes of explanation.) 
Now the polarity of the two second¬ 
aries of the transformer is such that 
they oppose each other and provide 
the desired suppression on signal 
peaks. 

Initial adjustment involves setting 
the input potentiometer to zero, feed¬ 
ing in an audio signal tone of a 
strength such as to give a compressor 
output of 91 vu, then advancing the 
potentiometer until the output drops 
to 8 vu. This sets the threshold at 
which effective compression begins. 
A compression ratio of 10 to 1 will 
then be provided on strong peaks. 


meaning that a 10 db increase in 
input level will be limited to a 1 db 
increase in output level. 

The circuit requires no critical 
voltages, hence the simple and con¬ 
ventional 6X6 rectifier circuit is en¬ 
tirely adequate as a power supply. 
It has extremely low inherent dis¬ 
tortion, with phase-shift distortions 
not even noticeable on an oscillo¬ 
scope and with a frequency response 
that is flat within 1.5 db over the en¬ 
tire range from 40 to 14,000 cycles. 
Tube failures or other defects in the 
compressor cannot interrupt the pro¬ 
gram; in fact, when a compressor 
tube is pulled out, the level automati¬ 
cally drops about 6 db to protect the 
transmitter against peaks. 


Frequency Response of Magnetic Recording 

Magnetic properties, physical dimensions and velocity of a magnetic recording medium 
are discussed and evaluated. Features and performance of electroplated wire and powder- 

coated tape are described 


T he most revealing informa¬ 
tion about the mechanism of 
the phenomena which control any 
recording method may be obtained 
froip an investigation of the repro¬ 
ducing process. Previous investiga¬ 
tors have analyzed the response by 
empirical curve fitting^ or theoreti¬ 
cal considerations."'* 

Assume that a sinusoidal sig¬ 
nal has been linearly recorded 
with a ring head (Fig. 1) on a uni¬ 
formly moving medium and that the 
recording was done with constant 
current through the recording head, 
independent of frequency; that is, 
essentially, with constant peak in¬ 
duction in the recording medium. 

The resulting record may be 
looked upon as a longitudinal ar¬ 
rangement of bar magnets of an 
individual length equal to one-half 
of the recorded wave, sinusoidally 
magnetized and with like poles join¬ 
ing. 


By OTTO KORNEi 

Ifvurarch Department 
The Brush Development Company 
Cleveland, Ohio 

The flux lines representing the 
internal magnetization J?* of these 
magnets must all close through the 
space surrounding them, thereby 
passing through their surface, cre¬ 
ating there a certain surface flux 
density B,. The latter determines 
the induction in the magnetic 
circuit of the ring head contacting 
the recording medium. The repro¬ 
ducing voltage, €, generated in the 
head winding is proportional to the 
rate of change of the flux passing 
through the head. 

The trend of this voltage, as a 
function of frequency, is derived, 
under simplifying assumptions, in 
Fig. 2 (at bottom). The reproducing 
voltage for very long wavelengths 
has theoretically a tendency to rise 
at a slope of 18 db per octave and 
this slope, with decreasing wave¬ 
length, gradually changes into 6 db 
per octave. A very long wave is 
one whose length is great compared 


with the longitudinal extension of 
the zone of magnetic interlinkage 
between recording medium and 
heads; that is, roughly, the length 
of the contact area between the 
two or about the longitudinal head 
dimensions (see Fig. 1). This 
wavelength range almost always 
lies below the range of practical in¬ 
terest. 

Deiii09nttisatieN 

The observed shape of the fre¬ 
quency response curve follows this 
simplified prediction only to a lim¬ 
ited extent. There is good agree¬ 
ment in the very low and part of 
the medium frequency range, but 
with increasing frequency the slope 
of the observed curve falls more 
and more short of the predicted 6 
db-per-octave line. The curve even 
reverses its trend eventually and 
starts to fall gradually as the fre¬ 
quency increases further. Conse- 
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FIG. 1—Interaction between the recording magnetic medium and the reproducing 
ring head with a einueoidal signal 


quently, there must be certain ef¬ 
fects, responsible for this deviation. 

The most important of these ef¬ 
fects is the self-demagnetization of 
the described elementary bar mag¬ 
nets. It is well known that the mag¬ 
netomotive force available across 
the ends of an open bar magnet, or 
the useful induction which it can 
generate, decreases due to its own 
magnetization. The figure which re¬ 
lates this decrease to the magneti¬ 
zation is called the demagnetizing 
factor; it depends almost entirely 
on the physical shape of the magnet 
and becomes smaller as its ratio of 
length to diameter increases. 

Figure 2 shows the familiar 
graphic method of finding the de¬ 
creased induction of a magnetic 


structure when its intrinsic hys¬ 
teresis loop and its demagnetizing 
factor N are knowm. A straight 
line, called the shearing line, is 
drawn through the origin at an 
angle whose tangent is proportional 
to the demagnetizing factor. The 
intersection P of this line with the 
hysteresis loop then gives the in¬ 
duction B'r effective in the magnet, 
as compared with the highest in¬ 
duction Br which would exist if the 
magnet were either closed or in¬ 
finitely long. 

The reduced induction values of 
all other points of the intrinsic 
hysteresis loop may be found in a 
similar manner. The locus of the 
new points describes the behavior 
of the open magnetic circuit and is 


called the sheared hysteresis loop. 
It is of importance in the investi¬ 
gation of all magnetic circuits con¬ 
taining portions of increased re¬ 
luctance, including powder-coated 
recording media. 

The demagnetizing effect is one 
reason for the response of a mag¬ 
netic frequency record to decrease 
below the predicted 6 db-per-octave 
line. As the frequency increases, 
the length of the elementary bar 
magnets decreases which, in turn, 
causes an increase of the demag¬ 
netization. The demagnetizing fac¬ 
tors in the case of magnetic re¬ 
cording are not exactly predictable 
because the adjacent elementary 
magnets interact with each other 
and are shunted during the play¬ 
back process by the reproducing 
head. An approach to the solution 
of this problem has been made by 
Camras.'* 

It w'as pointed out that the slope 
of the shearing lino depended only 
upon the demagnetizing factor; 
that is, in this case, upon the re¬ 
corded wavelength. The ordinate 
B\ at the intersection of the shear¬ 
ing line with the demagnetization 
curve is approximately proportional 
to the reproduced voltage and will 
decrease more slowly with increas¬ 
ing demagnetizing factor, the flat¬ 
ter the demagnetizing curve of the 
recording medium. The average flat¬ 
ness may be roughly defined by the 
ratio of coercive force to rema- 
nence. Accordingly, an improve¬ 
ment in the high-frequency re¬ 
sponse can be observed, with an 



FIG. 2—Mogntilsotion of a forromagiiotie motoriol. Tho solid 
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increasing ratio of coercive force 
to remanence, irrespective of their 
absolute magnitudes. 

From several materials with the 
same ratio of coercive force to 
remanence, the one with the highest 
absolute values (within practical 
limits) of the two quantities will 
still be the more desirable. The 
reason is that this material will 
yield the highest absolute reproduc¬ 
ing level, because of its high rema¬ 
nence, and that it will offer the 
greatest resistance to accidental 
demagnetization by external fields 
because of its high coercive force. 

Penefrofien 

Based on the concept of the de¬ 
magnetizing effect, the response of 
a thin recording medium might be 
expected to be superior to the re¬ 
sponse of a thicker one. However, 
experiment does not always verify 
this expectation since the response 
curves of all media within usual 
dimensions (thicknesses of a few 
thousandths of an inch) are found 
to be substantially alike, other con¬ 
ditions being equal. In an attempt 
to clarify this apparent contradic¬ 
tion, certain measurements were 
made whose results are represented 
in Fig. 3. Here are shown the re¬ 
sponse curves of several recording 
media, which differ only in their 
thickness. The absolute values of 
the thicknesses are very small. 

Disregarding the absolute repro¬ 
ducing level, the frequency response 
of these very thin media actually 
does improve with decreasing thick¬ 
ness. Since all the curves have sub¬ 
stantially the same shape, the posi¬ 
tion of the maxima of these curves 
forms a simple criterion for their 
frequency characteristic. The dot¬ 
ted line connecting these maxima 
shows that the improvement of 
high-frequency response is more 
rapid in the range of the thinnest 
media than in the range of the 
relatively thicker ones, tending to¬ 
ward no change at all for still 
thicker media. 

This peculiar behavior can be ex¬ 
plained by the assumption that the 
physical depth of magnetization of 
the recording media is dependent 
upon the recorded wavelength. The 


phenomenon may be termed pene¬ 
tration effect. 

All wavelengths penetrate mag¬ 
netically into the recording medium 
only to a limited depth; the longer 
ones penetrate more than the 
shorter ones and the absolute mag¬ 
nitude of this penetration is nor¬ 
mally in the order of under one 
thousandth of an inch. Accordingly, 
the fre(iuency response of the rela¬ 
tively thick commercial recording 
media is hardly affected by limited 
thickness variations since most of 
their cross section is inactive, that 
is. not penetrated by useful mag¬ 
netic flux. When the thickness of the 
medium is .substantially reduced 
to the order of the depth of pene¬ 
tration, the low frequency range 
will be impaired first, which means 
that the upper frequency range will 
be relatively favored. 

In extremely thin carriers where 
complete penetration can be as¬ 
sumed over a wide frequency range, 
there is no selective influence of the 
penetration effect any longer. The 
frequency response is then con¬ 
trolled by the demagnetizing effect 
alone. Because of the increasing di¬ 
mensional ratio of the elementary 
magnets, a thickness reduction by a 
certain ratio should have the same 
effect upon the response as an in¬ 
crease of the medium velocity by 
the reciprocal ratio. The absolute 
reproducing level, however, will 
drop by the same ratio becau.se of 
the decreased cross section. This 
statement seems to be verified by 
the trend of the dashed line in Fig. 
4, which approaches a slope of 
minus 6 db per octave for progres¬ 
sively decreasing thicknesses. 

The penetration effect is another 
important factor which causes de¬ 
terioration of the high-frequency 
response of commercial recording 
media since it results, with decreas¬ 
ing wavelength, in a gradual de¬ 
crease of the effective cross section 
of the recording medium. (Shunt¬ 
ing of the magnetized layer due to 
the presence of the inactive mate¬ 
rial does not seem to be serious.) 

The penetration effect must not 
be confused with the magnetic skin 
effect since it has been found that 
the penetration is a function of the 


wavelength only, and not of the 
frequency. Its mechanism may be 
explained by the geometry of the 
flux lines entering the medium in 
the recording process. The course 
of these flux lines, which determines 
the depth of penetration, appears to 
depend primarily, for a given wave¬ 
length, upon the gap wudth and the 
permeability of the recording me¬ 
dium—greater gap width and lower 
permeability favoring deeper pene¬ 
tration. 

One particular question that 
arises is that if the penetration de¬ 
creases with rising frequency how 
is it possible to erase and to bias'* 
with very high frequencies? The 
answer is probably that in the 
erasing process the recording 
medium has to be carried into 
saturation; in this range, however, 
its permeability approaches unity 
.so that sufliciently deep penetration 
becomes possible for evident rea¬ 
sons of flux distribution. A some¬ 
what similar condition prevails in 
the case of high-frequency bias. 
In this situation the recording me¬ 
dium w’orks essentially within the 
toe of its normal magnetization 
curve where the permeability is 
also very low. 

Gap EfFact 

Another effect which contributes 
to the loss of the reproduced level 
as the frequency increases is the al¬ 
most purely geometric influence of 
the finite gap width of the repro¬ 
ducing head. The effect exists basi¬ 
cally in any method of scanning a 
recorded signal. Figure 4 shows a 
representation of the function re¬ 
lating this loss to the ratio of gap 
width to recorded wavelength. It 
can be seen that no reproduction 
takes place when this ratio equals 
unity (or any integer). 

The loss as shown describes the 
conditions for the reproducing 
process only. 

It should be emphasized that the 
effective gap width of the repro¬ 
ducing head is not identical with 
the physical dimension of the gap. 
Magnetic leakage causes a certain 
spread of the zone of mutual in¬ 
fluence between recording medium 
and gap, resulting in an effective 
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FIG. 4—^Playback lost du« to gap olfoct 


FIG. 5—^Synthosii ol tho rosponao curvo of a magnotic rocordlng modium 


gap width which may be determined 
to be up to about 40 percent larger 
than the physical gap width. 

Figure 5 shows, in a qualitative 
manner, the three discussed effects 
which control the shape of the fre¬ 
quency-response curve of magnetic 
recording as obtained with ring 
heads. The solid curve gives the 
general appearance of an observed 
response. The vertical distances be¬ 
tween this curve, the two dotted 
curves, and the theoretical 6 db-per- 
octave line indicate the respective 
loss contributions of demagnetiza¬ 
tion, penetration, and gap effect. 

Voleeify 

Figure 6 also indicates a conven¬ 
ient graphic method of converting 
a response curve established at a 
velocity v of the recording medium 
into the curve at some other veloc¬ 
ity v': A 6 db-per-octave line is 
drawn through any point P of the 
given curve, plotted in the conven¬ 
tional double logarithmic system. 
On this line, point P' is found by 
spacing it from P at a horizontal 
distance which equals, as a fre¬ 
quency ratio, the ratio of the two 
yelocities. The new curve (dash- 
dotted) is then found by shifting 
the original curve bodily along the 
6 db-per-octave line to its intersec¬ 
tion at P'. (The points P and P on 


the two curves correspond to fre¬ 
quencies with equal wavelengths.) 

The noise originating from a 
magnetic recording medium is evi¬ 
dently generated by random flux 
variations picked up by the repro¬ 
ducing head. These variations may 
have two different causes. The 
first one is the random fluctuation 
of the reluctance across the gap of 
any or all of the heads, brought 
about by either mechanical vibra¬ 
tion or surface roughness of the re¬ 
cording medium. The second cause 
is the inherent grain structure of 
the recording material. Here, the 
magnetic discontinuities at the 
boundaries of the individual grains 
or domains will also cause minute 
flux variations. 

Vibration and surface roughness 
of the medium can be minimized 
by appropriate design of the drive 
mechanism and by careful prepara¬ 
tion of the medium. 

The noise reproduced from a 
given recording medium will de¬ 
pend upon the magnetic state of the 
medium. A completely demagnet¬ 
ized medium will result in the least 
noise as evidenced by the low noise 
level obtained from an a-c erased in 
contrast to a d-c erased recording 
medium. 

An important consequence arises 
from this recognition. A recording 


medium—after a-c erasing and sub¬ 
sequent recording—is demagnetized 
only in the portions where no signal 
is recorded. Wherever there is a 
signal, there will be magnetization 
corresponding to the instantaneous 
value of this signal. The signal it¬ 
self, consequently, causes noise 
which follows the instantaneous sig¬ 
nal level in its magnitude. This 
type of noise, closely related to but 
less objectionable than the continu¬ 
ous noise after d-c erasing, has 
been termed modulation noise or 
noise behind the signal. Its magni¬ 
tude depends on the factors dis¬ 
cussed before and noise values up 
to about 15 db above the no-signal- 
noise have been measured at the 
crest of a maximum signal. 

For the generation of noise it is 
immaterial whether the recording 
medium or the associated reproduc¬ 
ing head is magnetized since the 
two form one magnetic circuit dur¬ 
ing the reproducing process. An 
accidentally magnetized reproduc¬ 
ing head will therefore also cause 
noise and great care has to be 
taken to reduce or eliminate the 
remanent magnetization of the re¬ 
producing head. This can be done 
by proper selection of the core mate¬ 
rial, by the introduction of an addi¬ 
tional air gap into the magnetic 
circuit or by purposely demagnetiz- 
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ing the head whenever required. 

Most magnetic recording media 
until now have had the form of fine 
wires or of thin tapes. Originally, 
plain carbon steel was used but has 
been replaced by various alloy 
steels, particularly the ternary al¬ 
loys of iron and nickel-chromium, 
nickel-copper or cobalt-copper. The 
coercivity of these materials has 
thus been increased from about 26 
oersteds for carbon steel to about 
150 to 260 for various commercial 
recording media and up to over 400 
for some experimental media. 

All these recording media are 
produced by rather closely con¬ 
trolled drawing or rolling opera¬ 
tions combined with a suitable heat 
treatment to effect and maintain 
the desired physical and magnetic 
properties. These procedures are 
difficult and expensive, particularly 
since the required magnetic hard¬ 
ness of the materials is usually ac¬ 
companied by physical hardness. 

One quite successful solution to 
this problem has been found to be 
the electroplating of a ductile, non¬ 
magnetic base material with a fer¬ 
romagnetic layer.* The base mate¬ 
rial for plated recording media is, 
ordinarily, brass in the form of fine 
wires or tapes. However, other 
shapes, for instance, disks or cyl¬ 
inders, may be processed just as 
readily which is of importance for 
special applications. 

The plated layer usually consists 
of a cobalt-nickel alloy, applied to a 
thickness of about 0.0003 inch. This 
dimension provides a practical com¬ 
promise between frequency re¬ 
sponse, reproducing level and pro¬ 
duction cost. The material has a 
coercivity of over 200 oersteds and 
a retentivity of about 10,000 
gausses. The plating is very uni¬ 
form and ductile, has a mirrorlike 
surface and fine grain structure, as 
evidenced by a low noise level. No 
heat treatment is required since 
the internal stresses, necessary in 
any permanent magnet material. 


are automatically created in the 
plating process. 

The frequency response curves 
shown in Fig. 4 may be considered 
representative of the performance 
of the present plated media. Plated 
recording wires can now be pro¬ 
duced at a rate of about 150 feet 
per minute, and up to 500 feet per 
minute have been experimentally 
obtained. 

Mognetlc Top# 

The ability of a recording me¬ 
dium to exhibit a good high-fre¬ 
quency response depended primarily 
on its ratio of coercive force to 
remanence. This ratio determines 
the specific magnetic reluctance of 
the recording material and has defi¬ 
nite limitations in most homoge¬ 
neous materials. However, it can be 
artificially increased by using the 
ferromagnetic material as a fine 
powder, uniformly dispersing this 
powder in a suitable binder, and 
coating the resulting mixture on 
an inert base material to form the 
recording medium.’ The magnetic 
reluctance of such material, when 
measured in bulk, will be very 
greatly increased by the presence of 
the minute interstices separating 
the individual particles. The effec¬ 
tive induction will, consequently, 
be reduced from the intrinsic value 
of the powder while the coercive 
force remains unchanged (sheared 
hysteresis loop), thus giving the 
desired result of a greatly decreased 
slope of the demagnetization curve. 
If both particle size and their sepa¬ 
rating distances are made small in 
comparison with the shortest wave¬ 
length to be recorded, such a dis¬ 
perse material will behave like a 
homogeneous material. 

The ferromagnetic powders for 
recording media may be produced 
from any suitable permanent-mag- 
net material but experience has 
shown that various magnetic iron 
oxides are most readily and eco¬ 
nomically applicable. These pow¬ 


ders, with a particle size of about 
1 micron and an intrinsic coercive 
force* between 100 and 260 
oersteds, are now predominantly 
used for the commercial production 
of powder-coated recording media 
in the form of tapes or sheets. The 
remanence of the iron oxide coat¬ 
ing is usually between 400 and 800 
gausses, about one order of mag¬ 
nitude below that of the more com¬ 
mon homogeneous recording media. 

The coating, containing between 
25 and 40 volume percent of mag¬ 
netic powder, is applied with a 
thickness of about one-half thou¬ 
sandth of an inch to a base of paper 
or thin plastic. The resulting re¬ 
cording medium exhibits extremely 
low background noise and a fre¬ 
quency response far superior to 
any homogeneous medium now in 
use. For a given frequency response 
powder-coated media can be run 
with roughly about one-half of the 
speed required for homogeneous 
media. 

The reproducing level from pow¬ 
der-coated media is inherently low 
because of their low effective induc¬ 
tion; but this deficiency can be 
compensated for by using a cor¬ 
respondingly wider recording track. 

This paper is based, in part, on 
work done for the Office of Scien¬ 
tific Research and Development un¬ 
der Contract OEMsr-264 with The 
Brush Development Company. A 
number of facts presented in this 
paper were first published, in es¬ 
sence, in OSRD Report No. 5325, 
of June 30,1945. 
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Reverberation Time Nomographs 

Areas of materials in room are measured and numher of absorption units of each material 
is found with first nomograph. Total absorption units are then combined with room 
volume on second nomograph to obtain directly the reverberation time in seconds 

By R.C.COILE 


R everberation time is the 
length of time required for 
the intensity of a sound to drop to 
one-millionth of its original inten¬ 
sity, which corresponds to a change 
of 60 decibels. The reverberation 
time of a room may be computed, 
knowing the dimensions of the room 
and the acoustical absorption coeffi¬ 
cients of the different surfaces, 
from 

0,0491' 

where T is the reverberation time in 
seconds, V is the volume of the room 
in cubic feet, A is the total surface 
area in square feet, a is the average 
absorption coefficient of the room 
and is equal to (Aiaj-f A.aa-f-...)/ 
(i4i-hi4j), and a, is the absorption 
coefficient of area A,, 

This expression may be simpli¬ 
fied^ into an approximate expression 
accurate enough for the calculation 
of reverberation time of most rooms 

TS 0.049— (2) 

a 

where V is the volume of the room 
in cubic feet, and a is the number 
of absorption units in the room com¬ 
puted by adding the absorption of 
each surface: a=Aiai-f-A»aj... 

Two nomographs have been de¬ 
signed to facilitate rapid calcula¬ 
tions of reverberation time. The 
number of absorption units in a 
room may be found by using the 
acoustical absorption nomograph in 
Fig. 1. Then, knowing the absorp¬ 
tion units and the volume, the re¬ 
verberation time is given by the 
reverberation time nomograph in 
Fig. 2. 

Find the reverberation time of a 
room 9 feet wide and 12 feet long, 
with a ceiling height of 8 feet. The 


walls and ceiling are of plaster on 
wood lath. One wall has a window 
4 feet by 5 feet. Another wall has a 
glass door 3 feet by 7 feet. The floor 
is covered with a pile carpet on h- 
inch felt. One adult person is in the 
room. 

(a) Compute areas in square 
feet, as follows: 

Carpet 9 X 12 * 108 floor 


Glass 4 X 5 » 20 window 
3 X 7 - 21 door 

41 

Plaster 9 X 12 =» 108 ceiling 
(8 X 12) — 21 =* 75 wall minus 
door 

9 X 8 « 72 wall 
9X8- 72 wall 
^8 X 12) — 20 ■* 7G wall minus 
window 

403 


OPEN WINDOW — 
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(b) Compute absorption units, 
by first laying a straightedge be¬ 
tween 41 on the area scale and glass 
on the material scale of the acous¬ 
tical absorption nomograph in Fig. 
1. Read the answer of 1.2 absorption 
units at the intersection of the 
straightedge with the absorption 
units scale. 


The range of this nomograph can 
be extended by multiplying the area 
scale and the absorption unit scale 
by the same factor, such as 10. For 
example, to find the absorption 
units of the carpet area of 108 
square feet, connecting a line be¬ 
tween 10.8 on the area scale and 
carpet pile on i inch felt on the 


material scale gives 4.0 absorption 
units. Multiplying 4.0 by a factor 
of 10 gives the answer of 40.0 ab- 
.sorption units. 

Similarly, 13.3 absorption units 
are obtained for 403 square feet of 
plaster on wood lath, and 8.8 ab¬ 
sorption units constitute the allow¬ 
ance for one person. Adding then 
gives a total of 58.3 absorption 
units. 

(c) Compute volume of room: 
9 * 12x8-'- 804 cubic feet. 

(d) Compute reverberation time 
by laying a straightedge between 
864 on the volume scale and 58.3 on 
the absorption units scale of the 
reverberation time nomograph in 
Fig. 2. Read the answer of 0.72 
second at the intersection of the 
straightedge with the reverberation 
time scale. 

The range of the reverberation 
time nomograph may be extended 
by multiplying the volume and time 
scales by the same factor, such as 
10, or by multiplying the absorption 
scale by a factor such as 10 and the 
time scale by the factor^s recipro¬ 
cal, 1/10. 

The acoustical absorption nomo¬ 
graph was designed by using acous¬ 
tical coefficients for 512 cycles. For 
more accurate computations of re¬ 
verberation time at other frequen¬ 
cies, acoustical coefficients for those 
frequencies should be employed. The 
effect of humidity should also be 
taken into consideration. 

Reference 

(1) Plillin M., “Vibration And 

Souiul", MrGraw-IIill Book (?o., pagt* 301. 


Voice-Operated Electronic Relay 


Radio engineers often have need 
for a relay system that permits au¬ 
tomatic turning on of recorders and 
transmitters for break-in opera¬ 
tion. The voice-operated relay to 
be described was designed for the 


By LT. CARL J. QUIRK 

purpose of turning on or off any 
115-volt a-c operated device whose 
requirements are within the cur¬ 
rent-carrying capacity of the relay 
contacts and connecting wires. By 
using a different pair of contact 


than those used here, any d-c oper¬ 
ated device may be controlled in the 
same manner. 

An ordinary magnetic-type ear¬ 
phone was used for the microphone. 
This necessitated a high-gain am- 
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plifier to provide positive control of 
the relay. A type 6SL7 tube, with 
both triodes in cascade, provides 
the necessary gain. 

The purpose of the 884 thyratron 
is to energize or deenergize as de¬ 
sired, the main relay which is desig¬ 
nated in the circuit diagram as re¬ 
lay A, Once relay A is energized, 
the 884 become deionized and a pair 
of holding contacts connects one 
side of the relay coil to the a-c line; 
since the other side of the coil is 
tied directly to the other side of the 
a-c line, relay A will remain ener¬ 
gized. 

The current that energizes relay 
A flows through the normally closed 
contacts of relay B, Thus, if these 
contacts become open, relay A will 
be deenergized and likewise the con- 



Clrcttlt oi •Isctroalc f^loy ^ octucrting 
•qutpmmit hj toIc« stgaoli 


trolled equipment will be turned off. 
To turn off the controlled device, it 
is necessary to energize relay B, 
thus opening its contacts. For this 
reason, when relay A becomes en¬ 
ergized, the plate of the 884 is dis¬ 
connected from the coil of relay A 
and connected to the coil of relay 
B, so that when the 884 is fired 
again, it energizes relay B instan¬ 
taneously, opening its contacts and 
deenergizing relay A. 

To turn on the controlled equip¬ 
ment, the following sequence takes 
place: a single word is spoken into 


the mike and the resultant voltage 
is amplified by the 6SL7 and ap¬ 
plied to the grid circuit of the nor¬ 
mally cut-off 884, overcoming the 
bias and causing it to Are. Since 
the plate-cathode circuit of the 884 
is in series with the coil of relay 
A through contacts 1 and 2 of re¬ 
lay A, it completes the a-c circuit, 
thus energizing the relay. When 
this happens, the holding contacts 
4 and 5 replace the circuit of the 
884 and thus keep relay A ener¬ 
gized. At the same instant, the 
plate of the 884 is connected to the 
coil of relay B through contacts 2 
and 3 of relay A, but now the tube 
is no longer ionized since its plate 
circuit was opened by means of re¬ 
lay contacts 1 and 2. This is the 
sequence of events that turns on 
the controlled device and it remains 
on until another sound is made. 

To turn off the controlled equip¬ 
ment, the above sequence of events 
is repeated, except that this time 
the 884 plate-cathode circuit is in 
series with the coil of relay B, so 
when the 884 is fired. It energizes 
relay B and opens its normally 
closed contacts, thus deenergizing 
the main relay and returning the 
controlled device to the off position. 

In order to stabilize the opera¬ 
tion of this circuit, some means 
must be provided to prevent the 884 
from becoming ionized when it is 
switched from one relay coil to the 
other. It is very difficult to speak 
even one syllable before the main 
relay switches the 884 to relay B 
or back again, for if sound is still 
entering the microphone after the 
884 is switched, then the 884 would 
become deionized again and switch 
the circuit back to the position it 
maintained before the sound was 
applied to the mike. 

Stqbilisofion Circuit 

A “decaying bias” circuit is used 
to prevent the possibility of the 
above-mentioned instability from 
occurring. This circuit consists of 
two O.B-fif capacitors designated C 


and Cl and resistor B. One capaci¬ 
tor is used when the controlled 
equipment is turned on, to prevent 
the 884 from ionizing twice from 
one sound impulse and turning the 
controlled device off again. The 
other capacitor is used in the same 
manner, except it is used when the 
equipment is turned off, to prevent 
it from being turned back on from 
the same sound impulse with which 
it was desired to turn it off. 

The circuit works in the follow¬ 
ing manner; during the period 
when relay A is deenergized, capaci¬ 
tor C is connected to the minus 60- 
volt bias supply through relay con¬ 
tacts 6 and 7 on relay A. When relay 
A is energized, the movable contact, 
7, disconnects C from the bias sup¬ 
ply and connects it through con¬ 
tact 8 to the grid circuit of the sec¬ 
ond half of the 6SL7 across resis¬ 
tor B. 

Since the capacitor was charged 
up to bias voltage, it will cause the 
second half of the 6SL7 to be cut 
off, preventing any signal from get¬ 
ting through and thus preventing 
the possibility of the 884 becoming 
ionized and thus deenergizing the 
main relay. However, since this 
bias is due solely to the charge on 
the capacitor, it decays exponen¬ 
tially due to the discharge of the 
capacitor through B, the time con¬ 
stant of which will be determined 
by the size of C and B. This time 
constant may be varied to suit any 
type of operation. 

Capacitor C, is charged in the 
same manner by the bias voltage 
through the relay contacts of relay 
A and applied to B when relay A 
is deenergized, so it will not be 
turned on again by the same sound 
impulse. Although a negative 26 
volts is sufficient to cut off the 884 
when using 115 volts of a.c. on the 
plate, approximately minus 60 volts 
was used in this circuit to prevent 
the possibility of any oscillation 
that may occur in the 6SL7 from 
firing the 884. 
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Instrument for Intermodulation 
Measurements 

By 6E0RBE DANIEL 


INTKRMODULATION measurement 
makes possible important findin^rs 
on the subject of distortion not 
available by other methods. In in¬ 
termodulation, the interaction of 
two frequencies is studied, the pur¬ 
pose being to discover the degree to 
which one frequency is modulated 
by the other. 

More versatile than its predeces¬ 
sor, a new Western Electric equip¬ 
ment for making these measure¬ 
ments consists of a signal generator 
in which two independent frequen¬ 
cies are produced and combined and 
an analyzer in which the degree of 
modulation of the higher frequency 
by the lower is determined, 

A novel feature of this mejisur- 
ing system is the inclusion of a 
phase meter which indicates 
whether compression is occurring 
on the positive or negative half of 
the input signal by comparing the 


phase relationship between the out¬ 
put of the low-pass filter and the 
low-frequency signal at the input to 
the analyzer. 

Otcillotort 

In the signal generator two oscil¬ 
lators, each made of a 2051 minia¬ 
ture dual triode in a resistance- 
capacitance tuned oscillator circuit, 
generate the low and high frequen¬ 
cies. Combinations of capacitors 
provide frequencies of 40, 60, 100, 
and 150 cycles from the low-fre- 
(|uency oscillator, while similar pro¬ 
vision is made for the selection of 
high frequencies of 1,000, 2,000, 
7,000, and 12,000 cycles. Each oscil¬ 
lator circuit includes a lA type 
thermistor, or thermally sensitive 
resistor, which operates on one of 
the cathodes of each of the 2C5rs 
and, together with a voltage 
divider, provides negative feed 


back. The thermistors increase the 
stability of the oscillator outputs by 
minimizing variations occurring 
with changes in gain. 

Each oscillator feeds a three- 
stage amplifier consisting of both 
halves of a 2C51 and a final push- 
pull stage. The amplified high fre- 
(|uency is attenuated to 0, 6, 12, or 
30 db in relation to the low-fre¬ 
quency output and the two outputs 
combined in a hybrid coil. The use 
of a hybrid coil makes possible the 
combining of the two frequencies 
with a minimum of intermodulation 
because each of the amplifiers is 
separated from the other. At low 
outputs and for most frequency 
combinations, this intermodulation 
is less than 0.2 percent. 

In the third stage of the initial 
amplifier, the plate load is a filter 
which may be selected by a switch 
as a band-pass filter of 1,500-2,500 
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cycles or a high-pass filter of 6,600 
cycles. This signal is amplified by 
both halves of a 2C51 to produce an 
output of the high-frequency signal 
modulated by the low-frequency sig¬ 
nal to a degree dependent upon the 
amount of intermodulation in the 
input signal. 

The output of the high-frequency 
amplifier is rectified and filtered 
through a low-pass filter with a 
terminating resistor of 2,400 ohms, 
R». The amplitude of the low- 
frequency voltage impressed on this 
resistor is relative to the degree of 
intermodulation in the input signal, 
while the average current passing 
through indicates the amplitude 
of the high-frequency input signal. 

The low-frequency component 
from the low-pass filter is im¬ 
pressed upon the primary of trans¬ 
former the secondary of which 
is connected to a variable attenu¬ 
ator which has provision for set¬ 
tings of 6, 15, 50, and 100-percent 
intermodulation, allowing full-scale 
intermodulation readings. The out¬ 
put of the attenuator is amplified by 
one-half of a 2C51 and this output 
rectified by the 6AL5 full-wave 
rectifier. 

The voltage developed across 
is applied to the grid of the other 
half of the 2C51 used in the low- 
frequency amplifier—a space-sav¬ 
ing feature made possible by the 
shielding of the individual sections 
within the tube -and the triode 
used as a vtvm in connection with 


Af,, on which the percentage inter¬ 
modulation is read directly. In the 
preceding rectification, the voltage 
polarity developed is always such as 
to make the grid negative with 
respect to ground. The cathode 
voltage is adjusted by a control on 
the front panel so that M> will read 
zero percent intermodulation by 
applying positive d-c voltage to the 
grid, increasing plate and cathode 
voltage. 

Since the output of the rectifier 
V, is such as to make the grid of the 
vtvm more negative aslhe amount 
of intermodulation increases, the 
plate current and cathode voltage 



EiMntlal tto9M of the syitom for moasuf' 
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decrease with intermodulation in¬ 
crease, causing the pointer of 
to move. 

Although the new system will be 
of value in many fields where audio 


frequencies are used, it will be of 
particular importance in the meas¬ 
urement of intermodulation on var¬ 
iable density sound track where 
intermodulation occurs not only 
during recording, but within the 
film itself. 

Applicotion 

To determine optimum process¬ 
ing and recording techniques, the 
output of the signal generator is 
adjusted so as to modulate the light 
valve about 1.5 db below the clash 
point, or the point at which the two 
ribbons of the light valve overlap 
in the path of the light beam, there¬ 
by providing the maximum safe 
modulation. Recordings are then 
made at several recorder lamp in- 
tensitie.s and the negatives pro¬ 
cessed for various values of gamma. 
Positive prints are next made for 
each negative at several printer 
light values in a region which past 
experience has shown to be accept¬ 
able. 

Each of the several positives is 
then run on a suitable reproducer 
and the output fed into the inter¬ 
modulation analyzer. The print 
which gives the optimum reading in 
terms of intermodulation percent¬ 
age is then used as a guide in mak¬ 
ing further, more specific tests by 
the same method, with printer light 
values and values of gamma of the 
negatives only a small amount 
greater or smaller than those previ¬ 
ously found most satisfactory. 


Intermodulation Testing 

Fidelity of audio amplifiers, especially those used in f-m transmitters and receivers, is best 
determined by intermodulation tests. Correlation with actual listener tests is higher for inter- 
^ modulation tests than for harmonic distortion tests 

By JOHN K. HILLIARD 


S tandards of good engineering 
practices concerning f-m broad¬ 
casting, published by the Federal 
Communications Commission, spec¬ 
ify an audio frequency bandwidth of 
from 60 to 16,000 cycles. These 
standards indicate that it is the in¬ 


tention for f-m broadcasters not 
merely to transmit the designated 
wide audio band but also to transmit 
this band with minimum distortion. 
To obtain this objective it will be 
necessary for most engineers to alter 
radically their audio frequency de¬ 


sign and measuring techniques, and 
to revise their concepts of high 
fidelity. 

In transmitting signals covering 
a wide frequency range, it is neces¬ 
sary that aU the elements of distor¬ 
tion be reduced to a very low degree. 
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FIG. 1—Signal gnnnrator for Intormodulotlon totting contittt of two Indopendont 
oociUoton and a Unoar circuit for mixing tholr outpute 


This requirement is particularly true 
when the frequency range ap¬ 
proaches the full capabilities of the 
human ear. If distortion is not sat¬ 
isfactorily controlled, the results of 
extending the frequency range will 
be to produce a quality which is less 
pleasing than that obtained with a 
limited bandwidth. 

The error of transmitting' a wide 
band without sufficient reduction of 
distortion has been repeated many 
times and in each case the public has 
reacted unfavorably to what was ex¬ 
pected to be an improvement. Expe¬ 
rience in the sound motion picture 
held has indicated that widening of 
the frequency range should be the 
last step in design improvement. Re¬ 
duction of distortion comes hrst and 
then, with proper experience, if the 
distortion and noise level are suffi¬ 
ciently low, the frequency band can 
be extended. If the new standards of 
the FCC are to be properly met, a 
new set of standards for measuring 
permissible distortion is essential. 1 
refer not only to distortions of fre¬ 
quency and amplitude, but also to 
distortions caused by hum, noise, and 
distortion caused by interaction of 
complex frequencies, which has come 
to be known as intermodulation. 

TmH Hr ndtllfy 

For an amplifier system to provide 
excellent quality without distortion 
while transmitting the band from 60 
to 15,000 cycles, the complete ampli¬ 
fier system should be capable of pass¬ 
ing ^e following tests: 

(1) Total hum and other noises 
measured throughout the entire 
band should be at least 66 db below 
the full modulation or overload point. 

(2) As determined by means of 
fn oscillator and oscilloscope, the 
maximum sine wave carrying capac¬ 


ity for the system should be deter¬ 
mined for all frequencies in the 
transmitted band. It is desirable for 
the amplifier system to have reserve 
sine wave carrying capacity of at 
least six decibels beyond full modula¬ 
tion over the entire pass band. 

(3) Frequency response runs 
should be made at maximum operat¬ 
ing level as determined by the pre¬ 
ceding test. Additional frequency 
response measurements should be 
made at 30 db below that point and 
60 db down from the maximum oper¬ 
ating level. There should be no sig¬ 
nificant difference in the frequency 
response of the amplifier system at 
these three levels of output power. 

(4) Determine intermodulation 
products of the amplifier system by 
methods outlined herein. For direct 
transmission, six percent intermodu¬ 
lation should not be exceeded any¬ 
where in the frequency band. If the 
signal is to be recorded and re-re- 
corded, or if it is to be transmitted 
through a network of amplifier sys¬ 
tems, it is desirable for the inter¬ 
modulation products to be held below 
four percent. Amplifier systems 
which will meet all of these require¬ 
ments can be built, but they require 
much greater attention to design 
than they have been previously ac¬ 
corded. 

Amplifier systems which will not 
meet these tests will fail to meet the 
objective of truly high-quality repro¬ 
duction. Measurements of hum and 
other noises, measurement of maxi¬ 
mum sine wave carrying capacity for 
the entire band, and measurement of 
frequency response at the designated 
levels aU utilize techniques with 
which the audio*frequency engineer 
is familiar. 

Intermodulation tests consist of 
transmitting simultaneously two 


known frequencies through the 
equipment under test and then meas¬ 
uring the degree of interaction and 
distortion of these two frequencies 
by determining the magnitude of 
new frequencies which have been 
generated. 

Two known frequencies are ap¬ 
plied to the input of the amplifier 
under test from a signal generator. 
The output attenuator of the signal 
generator is adjusted to produce the 
required power from the amplifier 
under test. The output of the ampli¬ 
fier or system being tested is con¬ 
nected to the input circuit of the 
intermodulation analyzer. The input 
attenuator on the analyzer is then 
adjusted until a carrier level meter 
reads 100 percent. An intermodula¬ 
tion percentage meter then reads 
direcUy the amount of distortion 
present. 

Sigsal GoMrafor 

Figure 1 shows a block diagram of 
a conventional signal generator used 
for intermodulation testing. It con¬ 
tains two independent resistance- 
capacitance sine-wave oscillators. 
We have a choice of 40, 60, or 100 
cycles from the low frequency oscil¬ 
lator and 1,000, 7,000, or 12,000 
cycles from the high-frequency oscil¬ 
lator. The output level of each oscil¬ 
lator is independently controlled. A 
reference meter can be switched to 
either oscillator for metering its 
level. The output of each oscillator 
is transmitted by a cathode follower 
to a hybrid coil which combines the 
two oscillator outputs. 

A 12 db fixed attenuator is pro¬ 
vided in the high frequency oscillator 
output so that the low frequency is 
transmitted 12 db higher than the 
high frequency. This differential 
ratio of low to high frequency ampli¬ 
tudes is arbitrary and is used to 
obtain the maximum low-frequency 
sensitivity of the test 

For other test conditions, in par¬ 
ticular where distortion is predomi¬ 
nantly at high frequencies, it may be 
advisable to use other amplitude 
ratios for the tWQ test frequencies. 

An output meter, a variable atten¬ 
uator of 30 db range, and fixed atten¬ 
uation of either 20 or 40 db are 
available by means of a selector 
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switch to control the output. A 
g^anged dual potentiometer at the 
input of cathode followers gives a 
vernier adjustment of output power. 

A block diagram of an intermodu- 
lation analyzer is shown in Fig. 2. 
The input attenuator system is ad¬ 
justable over a 90 db range in one 
decibel steps, and is capable of dis* 
sipating 60 watts. The input imped¬ 
ance is 600 ohms. 

laloniodalatioN Aaolyior 

Equipment under test receives its 
input from the signal generator and 
delivers its output to the analyzer. 
The output of the equipment under 
test consists of a low frequency with 
a high frequency superimposed upon 
it, plus harmonics of the original 
tones, plus intermodulation distor¬ 


tion. In order to measure this inter- 
modulation, it is necessary to remove 
the original low frequency compon¬ 
ent. This removal is accomplished 
by an 800 cycle high pass filter which 
follows the attenuator. The output 
of the filter consists of what may be 
termed a carrier and its resultant 
sidebands. This carrier is then 
amplified to a predetermined level 
and demodulated. The reference level 
is obtained by adjusting the input" 
attenuator to provide a 100 percent 
reading on the carrier meter. The 
output of the demodulator is trans¬ 
mitted through a 200-cycle low-pass 
filter which removes the carrier fre¬ 
quency and transmits only sideband 
components up to 200 cycles. 

Discussion in the literature has 
indicated that both first and second- 
order intermodulation components 


generally are present in the distor¬ 
tion of audio frequency transmission 
equipment. For this reason it is 
considered essential that measuring 
equipment should record many such 
components rather than limit itself 
to only first order components. 

The 200 cycle cutoff frequency has 
been set so that at least the second 
order terms will be accepted for all 
the original low frequencies, more 
being accepted for the 60 and 40 
cycle tones. 

The choice of the 800 cycle cut off 
for the high-pass filter has been dic¬ 
tated by the requirement that at 
least 60 db of discrimination be in¬ 
serted against all low frequencies in 
order that values of intermodulation 
can be measured down to 0.1 percent. 

The ripple components or inter¬ 
modulation products are amplified 
and measured by a vacuum-tube volt¬ 
meter. The meter is calibrated 
directly in percentage total inter¬ 
modulation and has six ranges with 
full scale sensitivities of 0.3, 1.0, 
3.0, 10, 30 and 100 percent. The 
analyzer can also be used as a volt¬ 
meter by bridging the filters. The 
frequency range as a millivoltmeter 
is fiat within 1 db from 20 to 20,000 
cycles per second and on the volt¬ 
meter scale its range is flat from 20 
to 50,000 cycles. 

The inclusion of the vacuum‘4;ube 
voltmeter provides a method of ac¬ 
curately measuring signals or noise 
levels. The meter scales read in 
volts, with maximum sensitivity oor- 












AUDIO 


119 





0 

-2 

. -3 














■n 


4ao 

38.1 






_ 



-j 








-V 




WER C 


A? 

fi 

lisTic 





















240 5 

10.1 Z 

142 1 

0.8 1 

i 

/ 















-6 

0 

-1 

-2 

• t 

/ 















/ 













1 


1 


— 
















H 




















mmm 



BBS 


* 


kl 




GAIh 


ike 

"Ef 

\Ts 

iTrc"" 

—r. 





/ 

1 






















r 







\ 

^20 40 100 200 400 1,000 2jD00 4,000 K) 

FREOUtWCY m CPS 

000 2^000 1 


FIG. 4—Maximum undiitorted pow«r obtainable for o particular amplifier falle 
rapidly at low frequencies 



PIG* S^atermodulotlon and hormoalc distortion of the amplifier whose charocter* 
istlcs ore qiTen In Fig. 4 


responding to a full scale reading of 
0.3 mv, and in db relative to one 
milliwatt across 600 ohms. In shift¬ 
ing from the measurement of per¬ 
centage intermodulation to voltage, 
the termination of the amplifier 
under test is not altered. 

Sensitivity for zero on the db scale 
has a range from minus 70 to plus 
40 dbm in 12 steps of 10 db each. 
Because the scale is calibrated so 
that a — 20 db point is readable^ a 
range down to —90 dbm is possible. 

Frequency response curves and 
noise levels can be obtained by using 
the voltmeter and millivoltmeter. 
Two scales enable data to be taken in 


either decibels or volts. A bridging 
jack is provided so that the vacuum 
tube voltmeter can be bridged across 
any portion of a circuit where a 
shunt of 1.4 megohms will not influ¬ 
ence circuit conditions. 

Apparent cancellation of inter- 
modulation effects (usually near 
amplifier overload point) is a phe¬ 
nomenon which has been observed in 
some cases. In these cases it has 
been found that the pass band of 
the intermodulation analyzer was 
not sufficiently wide to accept the 
higher order distortion terms. 

Calibration of the intermodulation 
analyzer is made using two frequen¬ 


cies, namely 1,000 and 1,060 cycles. 
A 20 db attenuator is switched into 
the 1,060 cycle oscillator output so 
that when these two frequencies are 
combined, the 1,060 cycle output will 
be 20 (lb below the 1,000 cycle output. 
By definition this is a condition, of 
ten percent intermodulation. This 
complex signal is then transmitted 
directly to the analyzer with the 
range switch set for ten percent in¬ 
termodulation. The input level is 
then adjusted for a ten percent read¬ 
ing on the intermodulation meter, 
and the carrier meter is set to 100 
percent. 

Calibration of the voltmeter is 
accomplished by checking against a 
standard a-c voltmeter. By inserting 
a 60 db attenuator ahead of the anal¬ 
yzer, the same voltage can be used to 
check the millivolt range. 

Lew Frequeeey Overloading 

The writer wishes to stress the 
importance of linear transmission of 
amplitudes and wave forms of the 
low frequencies which occur simul¬ 
taneously with the higher frequen¬ 
cies of speech and music. These low 
frequency components originate in 
drums and other percussion instru¬ 
ments, in the reproduction of gun 
shots, explosions, thunder and earth¬ 
quakes. 

Unless a transmission system has 
the carrying capacity at low fre¬ 
quencies to handle these sound ef¬ 
fects, distortion results. Therefore, 
it is considered essential to test a 
transmission system in such a man¬ 
ner as to stress these low frequen¬ 
cies. Transformers and other devices 
which change their impedance at 
low frequencies are a major cause of 
distortion, because this impedance 
change limits the carrying capacity 
of the tubes. For this reason, lim¬ 
ited power capacity will appear at 
low frequencies more readily than in 
the midrange. 

Analysis indicates that all types of 
systems show least distortion near 
the middle portion of their transmis¬ 
sion band. Therefore, test equipment 
is designed so that test frequencies 
lie near the outer portions of the 
frequency band. 

Apparatus which shows low inter¬ 
modulation distortion at 40 cycles 
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will meet the most rigid low fre¬ 
quency demands, while systems 
which pass the intermodulation test 
only at 60 or 100 cycles should be 
used only where a corresponding 
sacrifice in quality is permissible. 
This information, together with a 
corresponding study of high fre¬ 
quency properties, will determine the 
bandwidth for which a particular 
system is suitable. 

Figure 3 shows intermodulation 
curves on three classes of amplifier. 
Curve A represents a poor public 
address amplifier which is not suit* 
able for any application even though 
the amplifier is rated at 14 watts. 


because distortion is excessive at one 
or two watts. Curve B is representa¬ 
tive of the average, high grade am¬ 
plifier now used for radio station 
and recording purposes. Curve C is 
an amplifier which will meet the 
rigid specifications called for by f-m 
standards of good engineering. 

Carrglafigs pf Harmosie gsdl 
Isfgrsisdslgflos DitferflMs 

Figure 4 shows the power and 
gain characteristic of a pushpull 
parallel 6L6 amplifier rated by its 
manufacturer at 50 watts. The power 
curve is obtained by observation of 


the maximum power that can be 
generated before departure of the 
output from a sine wave is observable 
on an oscilloscope. The gain charac¬ 
teristic had to be measured at a low 
level so as to be within the limitation 
of the power curve. 

Figure 5 shows the distortion 
analysis for this amplifier, giving 
the 40 cycle harmonic analysis for 
2nd, 3rd, and 5th harmonics as well 
as the percentage intermodulation 
for 40 and 1,000 cycles and for 60 
and 1,000 cycles. It will be observed 
that the 40 cycle intermodulation 
products rise very rapidly in the 
vicinity of 26 watts. For this par¬ 
ticular amplifier the 3rd harmonic 
shows a rapid increase at the same 
power. The fact that the 60 cycle 
intermodulation curve is lower for 
the same power indicates a deficiency 
in the output transformer as was 
indicated in Fig. 4 by the reduction 
in power handling capacity at low 
frequencies. 

Figure 6 shows power and gain 
characteristics for an amplifier hav¬ 
ing a manufacturer's rating of 40 
watts. In this case the power and 
frequency response are more uni¬ 
form over a wider frequency range. 
Figure 7 shows the harmonic con¬ 
tent at 40 cycles for 2nd, 3rd and 6th 
harmonics together with the inter¬ 
modulation curves for 40 and 1,000 
cycles and for 60 and 1,000 cycles. It 
will be noted in this case that the 
harmonic distortion for all orders of 
terms increases gradually with 
power. Because both total harmonic 
and intermodulation distortion are 
low, except near its rated maximum 
power, the amplifier can be consid¬ 
ered to be comparatively free of 
distortion. 

In our design and development 
work on amplifiers, we have found 
that proper design and adjustment 
are attained only when the curve 
shows low values of intermodulation 
at low levels and rises gradually as 
maximum power is reached. 

A good example of how the inter¬ 
modulation method can be helpful in 
design work is shown in Fig. 8. Here 
are shown three intermodulation 
curves showing the effect on inter-^ 
modulation of improper bias of the 
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amplifier’s power stage. The require¬ 
ment of low intermodulation prod¬ 
ucts at low operating levels forces 
the bias nearer the condition of 
strictly Class A operation in ampli¬ 
fiers. In other words, excessive bias 
must be avoided for highest quality 


performance in the operating range. 

Intermodulation testing has facili¬ 
tated advancements in transformer 
design. Figure 9 shows the improve¬ 
ment which can be made in an ampli¬ 
fier by substituting an improved 
output transformer. It will be ob¬ 


served that the low frequency carry¬ 
ing capacity has been increased and 
the distortion has been reduced for 
all levels of operation. 

Most of these curves have shown 
conditions where overload occurs 
first at low frequencies. In some 
amplifiers high frequency distortion 
predominates. To test these ampli¬ 
fiers the two frequencies from the 
signal generator are adjusted to be 
of equal amplitude. The intermodu¬ 
lation measurements will indicate 
the presence of high frequency dis¬ 
tortion when it is not masked by low 
frequency distortion. 

Without exception it has been the 
writer’s experience that listening 
tests will confirm the relative inter¬ 
modulation test figures. All other 
things being equal, critical listeners 
will select the system having the 
lowest percentage of intermodulation 
in a performance test. 

The intermodulation test does not 
of itself provide all information re¬ 
quired by engineers. It needs to be 
supplemented by frequency response, 
noise, and power tests mentioned 
earlier in this paper. When used in 
conjunction with these other tests, it 
is the writer’s belief that this inter¬ 
modulation method of testing repre¬ 
sents a major tool, essential in de¬ 
sign, production, and maintenance 
of amplifier systems which meet FCC 
standards of good engineering prac¬ 
tice. 

The writer wishes to acknowledge 
the important work done by W. C. B. 
Evans, who has shared the responsi¬ 
bilities of designing the equipment 
and who has supplied much of the 
laboratory data used in this paper. 


Phase-Shift Oscillator Design Charts 

For test equipment requiring either a fixed or variable audio-frequency voltage source, 
the simple one-tube phase-shift oscillator offers frequency stability and good wave form 
at low cost. With the nomograms given here, its design reduces to simple arithmetic 


I M designing various types of test 
equipment a voltage source op¬ 
erating at a fixed frequency other 
than 60 cycles is often desired. The 


By WALTEB W. KUNDE 

single-tube phase-shift oscillator has 
found wide application in this field 
due to its simplicity, excellent stabil¬ 
ity and good wave form. When fol¬ 


lowed by an amplifier designed to 
furnish the required output voltage, 
it can be used to supply power for 
a-c bridge measurements, insulation 
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IB® voluos of JR <xnd C, cind th®®® ar® 9 iY®n In th® acconponyin^ 
nomogromi. Oth®r circuit ®alu®8 follow convontional practic® and h®nc® ar® not 
9lT®n* In a Tariabl®*fr®qu®ncy audio oicillator, a throo-gang Tarlabl® copocitor 
con b® ui®d for C or gangod rhooitati can b® ui®d lor R 


tests, testing aircraft transformers 
and their associated equipment, and 
many other purposes. 

The basic circuit for an oscillator 
of this type is shown in Fig. 1. When 
using ordinary resistors and capac¬ 
itors the actual frequency obtained 
may differ slightly from the computed 
value, due to manufacturing toler¬ 
ances of the components used. Any 
one of the resistors or capacitors in 
the phase-shift network may be 
varied slightly to compensate this 
effect. This is accomplished very 
nicely by making one of the resistors 
semi-variable. 

The constants used in the phase- 



ITO. S—Nomogram lor detormlning TahiM of JT and C la tho 
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shift network to obtain a desired 
frequency are determined by the 
formula 

^ ~ 2 IT VBrc 

The alignment charts shown in 
Fig. 2 and Fig. 8 were developed to 
minimize errors and give a rapid, 
visual indication of possible RC com¬ 
binations which would give the de¬ 
sired frequency. 

It was shown by Ginzton and Hol¬ 
lingsworth* that the circuit gain 
must equal a minimum of 29 for 
oscillation to take place. This condi¬ 
tion is readily met provided that 
R » Rl, where Rl is the equivalent 
parallel value of the plate resistor 
and the grid resistor of the follow¬ 
ing amplifier tube. This is apparent 
when we consider the equation 

4- 29 + 23| + 4(|‘)’ (2) 

where A is the gain required for 


• Ginzton, K. L. and lloUinpxworth, L. M.. 
PhiiHe-Shlft Osi'lllatorn. Vrov. /. R, R., p. 43. 
IMi. IIMI. 


oscillation to start. A is independent 
of frequency when R » Rl. For 
example, let R = Rl for some given 
frequency. One can readily see that 
the required gain for oscillation to 
start is aproximately double that re¬ 
quired when R is much greater than 
Rl. 

The chart shown in Fig. 2 is used 
primarily for fixed low-frequency 
oscillators when a high-gain tube 
such as the 1851 is used. Lower val¬ 
ues of Rl are used for a tube of this 
type, consequently R can be made 
smaller for a given frequency and C 
is in the range of the more commonly 
available values. 

Figure 8 is a more universal chart 
and is used for both fixed and 
variable-frequency oscillators. Note 
that the values of C correspond 
closely to the values of variable 
capacitors considered to be com¬ 
mon. For variable-frequency oscil¬ 
lators, either the resistors R or the 
capacitors C may be variable and 
ganged together. In a laboratory 
o.scilIator requiring more than one 


frequency range, variable capacitors 
with a 10-to-l range may be used 
with a switch that changes the en¬ 
tire set of resistors in decade steps. 

Example I: The desired frequency 
is I kc. Assume Rl — 50,000 ohms. 
Using either Fig. 2 or Fig. 3, de¬ 
termine suitable values for R and C 
as follows: Remembering that R 
must be very much greater than Rl, 
assume a value of 650,000 ohms for 
R. Place a straight edge on 1 kc and 
on R — 650,000 ohms, and read 
0.0001 as the required capacitance. 

Example 2: To design a variable- 
frequency oscillator using variable 
capacitors whose range is 20 to 
500 /A/if, assume R = 1,000,000 ohms 
for the middle range of frequencies, 
and use Fig. 3 as follows to deter¬ 
mine suitable values of R&C: Using 
the assumed value of /U as a pivot 
point, allow the straight edge to 
slide between the maximum and 
minimum values of C. The frequency 
range is determined immediately 
without any lengthy calculations, be¬ 
ing approximately 130 to 3200 cps. 


Telephone Recording 

Electronic dictating machines <!an be used to record 
important telephone conversations. Either direct or 
induction connection to the line is suitable. Design 
considerations are given 

By K. L. MacILVAIN 


T elephone lines carry not only 
speech signals, but also inter¬ 
fering noise, ringing and other op¬ 
erating voltages. Any connection to 
a recording circuit should elimi¬ 


nate interference between the tele¬ 
phone pair and ground, provide 
isolation for direct current, and 
should not affect or be affected by 
the operating voltages nor should 


appreciably load the telephone line. 

A typical direct connection is 
shown in Fig. lA. The capacitor 
provides d-c isolation; the trans¬ 
former blocks longitudinal current 


TELEPHONE 
LINE §; 


^ RECONOER 




(SUBSCRIBERS SET ^RECORDER PICKUP 
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FIO. 1—Rocorder can h% oithBr connoctod directly or by Induction to telephone 
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(produced by voltage between the 
telephone pair and ground). Trans¬ 
former input impedance should be 
sufficiently high not to appreciably 
load the line. If the transformer 
input impedance is low, for exam¬ 
ple 500 ohms, a series resistor added 
in the primary circuit, 4,500 ohms 
in Fig. IB, prevents loading. 

Although speech levels to be ex¬ 
pected from a telephone line vary 
widely, signals available with the 
direct connection range from -f 10 
db (where 0 db equals 6 milli¬ 
watts) for peak levels to —40 db, 
with good local voice levels averag¬ 
ing around 0 db but with many be¬ 
tween — 10 and —15 db. Regardless 
of the high standards at which tele¬ 
phone lines are maintained, wide 
ranges in speech levels are to be 


expected because of conditions be¬ 
yond control of telephone engineers. 
The recording equipment must, 
therefore, be designed to record 
satisfactorily a 40-db range, al¬ 
though the extreme range might 
be as great as 60 db. To keep the 
recording level within the range of 
the recording medium, automatic 
control circuits should be incorpo¬ 
rated in the recorder. 

Indactiv* Plckap 

With the inductive connection, 
shown in Fig. IC, the telephone ter¬ 
minal equipment forms one winding 
of a transformer and the recorder 
pickup is the other. The pickup is 
formed into a fiat unit that can be 
placed under the subscriber's set. 
The transformer so formed has low 


coupling between primary and sec¬ 
ondary because of the relatively 
large spacing. The inductive pickup 
should be electrostatically shielded 
to eliminate effects of undesirable 
fields in the vicinity. From 40 to 60 
db are lost in this form of coupling, 
so the recorder amplifier must have 
greater gain than for the direct 
connection. Hum-bucking arrange¬ 
ments can be added to neutralize 
fields from local motors and trans¬ 
formers, but because such fields are 
neither constant in magnitude noi 
direction, complete cancellation is 
difficult. 

Either method of connection is 
satisfactory, and now that record¬ 
ing telephone conversations has 
been made legal many applications 
for this technique will be realized. 



CIRCUIT THEORY 


Cathode Follower Circuits 

A comprehensive analysis of recently-developed 
cathode follower circuits, which serve as highly effi¬ 
cient transformers for coupling high - impedance 
sources to low-impedance loads. The circuits dis¬ 
cussed are strictly power amplifiers. Voltage ampli¬ 
fication is always less than unity 


T he placement of a resistor in 
the cathode circuit of a single 
tube, or of a pair of tubes having 
their cathodes connected together, 
produces certain effects which have 
been put to good use in many appli¬ 
cations. This discussion attempts a 
summary and analysis of these cir¬ 
cuits, so that their behavior may be 
visualized and predicted. 

Suppose a signal Ae, is applied to 
a tube as shown in Fig. 1. Evidently 
the actual grid voltage change, that 
is the voltage change between grid 
and cathode, will not be as large as 
Ae«. If the signal voltage makes the 
grid more positive, for instance, 
more plate current will flow; this 
will cause an increase of voltage 
across r«, making the cathode also 
more positive. The cathode “follows” 
the grid, so to speak. 

The mathematics of this case have 
been presented in this magazine once 
before*, but will be repeated here for 
the sake of completeness. 

If Mp is the plate current change 
due to the signal voltage change Ae„ 
the actual grid voltage change will be 
given by 

A«t " — Aipu (1) 

The fundamental relation between 
plate current change, grid voltage 
change and plate voltage change is 
given by the well known equation 

41,- (3} 

An ineraau M, in plate current 
causes a decrease—or nearative in- 


By WALTHER RICHTER 


crease—of plate voltage given by 
A«, - — At, {R + r.) (8) 

Substituting Eqs. (1) and (3) into 
Eq. (2) gives 

4t, . M (A«. - At, r.) - At‘, (R + r.) 

^0 

When this equation is solved for 
Ai„ we obtain 

B + fp 4* (m +1) f. ® 
It is worthwhile to study Eq, (5) 
in detail. With n = 0, the equation 
assumes the familiar form 


At, 


fi Ae* 
B + r, 


(6s) 


In this case, representing fixed bias, 
signal and grid voltage change are 
of course identical. Comparing Eqs. 
(5) and (5a) we note that the intro¬ 
duction of r, in the cathode lead has 
the same influence on the plate cur¬ 
rent change due to a signal voltage 
change, as if the tube were operat¬ 
ing with fixed bias, but a resistor of 
the value (/x -f 1) r, had been added 
in the plate circuit. Another, some¬ 
times more convenient, way to vis¬ 
ualize the influence of the cathode 
resistor, c|tn be deduced as follows: 
if we substitute At, from Eq. (5) 
into Eq. (1), we obtain 


Ae, - Ar.i 


B 4- f p -f r. 


(6) 


* B 4- f p 4* r* 4- r, 

N^ow + t*, 4- n = Ef is the total re¬ 
sistance in the plate circuit, since 
obviously n is just as much a part of 
the plate circuit as R. However, r, 
is also part of the grid circuit, and 



FIG. 1—^Fundam«ntol ich^mcitSc wiring 
diagram of tuba utod os daganarotlva 
omplliiar for phosa InTartar or cothodo 
iollowor 

its presence there causes the actual 
grid voltage change to be less than 
the signal voltage change in the ratio 

" ^*‘R, +\r: 

We can therefore also state the 
influence of a cathode resistor by 
saying that its presence reduces the 
value of the signal voltage in the 
ratio given by Eq. (6) or Eq. (6a) 
before it reaches the grid. 

While Eqs. (1) to (6) were set up 
for resistive values in the plate and 
cathode circuit, they are just as 
valid if the resistances are replaced 
by impedances (provided, of course, 
that there is a path for the direct- 
current component of the plate cur¬ 
rent). Thus the influence of a resis¬ 
tor by-passed with a condenser can 
be calculated by means of Eqs. (5) 
or (6) by simply replacing the value 


m 
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FIG. 2—Family of plat# characteristics lor 
triodo, illustrating the operation ol cathode 
follower 


t c with the complex value of the im¬ 
pedance representing the parallel 
combination of resistor and con¬ 
denser. 

Cathode Follower Arrangement 

The case of a true “cathode fol¬ 
lower/' or impedance changing tube 
is obtained for /? = 0. The question 
arises how much signal we shall ob¬ 
tain across Ve in this case. 

The voltage change Ae, across r, 
due to the signal voltage change Ae. 
is of course simply equal to the cur¬ 


rent change obtained from £q. 
(6), multiplied by n; we have there¬ 
fore 

. ^M As. r. f^Af.r. 

r, -f (m 4* l)r. fp -h fir, -f r, 
- As.- - r ' —r r- (7) 

A» r. 4* -f r. 

Since the denominator is always 
larger than the numerator^ the frac¬ 
tion will always have a value less 
than unity. This means that we can¬ 
not obtain voltage amplification with 
this circuit. 

If R is made equal to the volt¬ 
ages across R and r, will be equal, 
since the same current flows through 
them. But an increasing current will 
swing point A of Fig. 1 more nega¬ 
tive, while point C will swing more 
positive. These two points may be 
capacity-coupled to a push-pull stage 
furnishing the 180 deg. phase dis¬ 
placed signals required for such a 
stage.* 

The procedure of designing such 
a stage may best be shown on an 
example. Suppose 350 volts is avail¬ 
able for the stage and that a 6C5 
is to be used. If we were to design 
a conventional resistance-capacity 
coupled stage, we would draw a load 
line with the chosen value of the 
load resistance and decide on a 
proper operating point. This is ex¬ 
actly what we do now, except that 
the load resistance will be split into 
two equal parts, one to be placed 
into the plate lead, the other into 
the cathode lead. However, it might 
be desirable to hold the load to 
lower values than usual, to mini¬ 
mize the effect of cathode leakage 


and capacity. (For an excellent dis¬ 
cussion of the effect of cathode ca¬ 
pacity on the performance of cathode 
follower circuits, see C. E. Lockhart, 
“The Cathode Follower”.*) Suppose 
we take a load of 100,000 ohms. Fig¬ 
ure 2 shows the plate characteristic 
of the 6C5 with the load-line repre¬ 
senting 100,000 ohms and inspection 
shows that a good operating point 
is 2 ma, with 150 volts across the 
tube and 200 volts across the 100,- 
000-ohm load. The actual grid voltage 
for this condition would have to be 
about ~7 volts, as seen from Fig. 2. 
Splitting the 100,000 ohm load into 
two resistors of 50,000 ohms results 
in the circuit shown in Fig. 8a. The 
operating—or quiescent—current of 
2 ma causes a drop of 100 volts 
across r^, and in order to have an 
actual grid voltage of —7 volts, a 
bias of 4-93 volts will be required. 

The output voltage obtainable from 
such a stage for a given signal volt¬ 
age can be determined in two ways, 
just as for a conventional circuit. 
For small signal voltages the equiv¬ 
alent plate circuit theorem will give 
us the answer, that is, Eqs. (5) or 
(6) can be used, which have been 
derived on the basis of this theorem. 
For larger signals the use of the 
load line will be indicated. Assuming 
at first a small signal, say 1 volt, the 
application of Eq. (6) or (6) requires 
the plate resistance to be known. At 
the operating point chosen in the 
example, this value would be about 
16,000 ohms (determined from the 
cotangent at the operating point). 
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The plate current due to a signal of 
1 volt would be given by Eq. (5) : 


. ^ _ _ 20 X 1^ 

' “ 50*(K)0 4 I6.(K>0 4 21' X SCMiOO 


2 ()_ 

r, 116,000 


- 17.92 X 10^ 


(5) 


The signal appearing across the 
cathode (or plate) resistor will be 
given by 


e. - 50,000 X 17.92 X 10'« - 0.896 volt 


We could have used Eq. (6a), to 
give us first the actual grid voltage 
change: 


116,000 

^ ^ il6,(j00 + COOO.CKX) 

- 0.1030 volt (6a) 
If 0.1039 volt were applied to a 6C5 
tube with 100,000 ohm load, the 
voltage across the load would be 


M Ae, Ul „ 20 X 0.1039 X 1(X),()00 
~ Rl + t, “ ’ 116,000' 

= 1.795 

Half of this voltage, or 0.896 volt, 
will appear across 7\, and jR. Note that 
there is not only no amplification, 
but that the phase inverted output 
voltages are actually smaller than 
the input voltage. 


Us« of Corvoi for Large Volfoge 
Voriofions 

For larger voltages, the use of 
the characteristic curves is advisable. 
Here the actual grid voltages are 
best used as a starting point. Sup¬ 
pose that on the basis of Fig. 2 we 
decided to cause an actual grid volt¬ 
age swing from —2 to —12 volts. 
What signal voltage will be needed 
and wbat will the output voltage be ? 
The load line tells us that the tube 
voltage will swing between 75 and 
225 volts, while the voltage across 
the load will swing between 850 — 75 
= 275 and 360 - 226 = 126 volts. 
Half of these values, that is 137.5 
and 62.5 volts, will represent the lim¬ 
its of the voltage swing across the 
cathode (and plate) resistor. The 
limits of the signal voltage swing 
can now be found. At the instant 
when the drop across r* is 137.6 volts, 
the grid must be 2 volts negative 
with respect to the cathode, or 137.5 
— 2 = 136.6 positive with respect to 
the negative end of the power sup¬ 
ply; the other limit is correspond¬ 
ingly 62.5 — 12 = 50.5 volts. The 
total swing of the grid with respect 
to the negative end of the power 



FIG. 4—Transformer Input connectiont to phase Inverter tube 


supply is therefore 135.5 - 50.5 = 85 
volts. Therefore, to obtain a swing 
of 75 volts of the two output voltages 
across n and /?, an input voltage 
swing of 85 volts is needed. The ratio 
is 75/85 = 0.8823 and is the same as 
found for small signals, within the 
limits of accuracy of reading the 
characteristics. This indicates the ex¬ 
tremely low distortion produced by 
such a stage, as would be expected 
from the highly degenerative effect 
of the cathode resistor. Another 
indication of the low distortion is 
found in the comparison of the mid¬ 
point of the signal swing, which is 
(135.5 -I 50.5)/2 = 93 volts with the 
zero signal bias, which had been 
determined also to be 93 volts. 

To come back to this bias. Fig. 8a 
showed this bias as obtained from 
a battery. If a bleeder circuit across 
the power supply is available it may 
be conveniently tapped at the de¬ 
sired point, as shown in Fig. 3b, or 
the bias may be obtained by tapping 
Te at a point furnishing the desired 
voltage. In the above example, with 
an operating current of 2 ma r« 
would have to be tapped at 46,500 
ohms (Fig. 8c) to furnish proper 
bias. The remaining 3,500 ohms are 
not by-passed by a condenser; such 
by-passing would destroy the bal¬ 
ance of the signals while not serving 
any useful purpose. The inconveni¬ 


ence of tapping Tr, or splitting it into 
two odd-size resistors, however, 
usually makes the biasing arrange¬ 
ment shown in Fig. 3d preferable; R 
and r, are again equal for push-pull 
output, but an additional resistor r/ 
has been added, solely for the pur¬ 
pose of furnishing bias. A condenser 
is usually shown by-passing this re¬ 
sistor, but its effect is so slight on 
the performance of the stage (since 
it is usually small compared to rj 
that it may as well be omitted. 

It was shown that such a stage 
cannot furnish amplification, i.e., 
that the two output voltages—or even 
a single one—appearing across r, 
and R (with R = r.) can never ex¬ 
ceed the signal voltage. It should be 
pointed out that this is true only if 
the signal is introduced with respect 
to a point of fixed potential in the 
d-c system, such as is always the case 
in capacity coupled stages. If trans¬ 
former coupling is used, as shown in 
Fig. 4a, the signal is seen to be in¬ 
troduced with respect to the cathode; 
under this condition the signal cur 
rent flowing through r.. does not de¬ 
generate the signal and the stage 
will furnish the same amplification 
as a conventional stage with a load 
R -f Vc would, except of course, that 
the output is evenly divided between 
R and r^. In this case, if self bias is 
used as shown in Fig. 4b, a by-pass 
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FIG. 5—Signal Tollage, output Toltago 
ehoroctoristlcg el eathodo lollowor. Bhow- 
lag wido rango of linear oporatlon 


condenser must be used, if degenera¬ 
tion is to be avoided. 

Applieationi of Catbod# Follower 

As already mentioned, the true 
“cathode follower” or “infinite im¬ 
pedance” circuit is represented by 
the condition = 0. Such circuits are 
of interest, for instance, when it is 
required to place a voltage divider 
for the purpose of voltage adjust¬ 
ment across a source not permitting 
any current drain, A well Imown case 
of this kind is the saw-tooth voltage 
obtained across the condenser in the 
usual sweep circuit for cathode-ray 
oscilloscopes. To adjust the sweep 
amplitude a voltage divider is needed 
across the condenser, which upsets 
the linearity of this voltage with 
time for low sweep frequencies. Such 
a stage can also be used as an in¬ 
finite impedance detector, with a very 
linear characteristic. In both cases a 
graph showing the output voltage as 
a function of the input voltage is 
desirable. Such a graph is easy to 
construct if we use again the actual 
grid voltage as an intermediate 
link and as the independent variable. 
This procedure has at the same time 
the advantage of giving that value 
of the signal voltage at which we 
might expect grid current. 

IxcMpla of Coleolofloa of Cofhodo 
Followor 

Suppose we use a 6C5 with a 850 


volt supply, placing a 100,000 ohm 
resistor in the cathode lead. These 
values have been chosen so that we 
may use Fig. 2, which was represent¬ 
ing the same case. We then prepare 
a table as shown below, using e„ as 
independent variable. 



Ct 

Cre 

e. 

0 

41 

300 

309 

—2 

76 

274 

272 

— 1 

108 

242 

238 

—6 

141 

209 

203 

—a 

172 

178 

170 

—10 

200 

ISO 

140 

—12 

225 

125 

113 

—14 

248 

102 

88 

- 16 

271 

79 

63 

—18 

202 

58 

40 

—20 

312 

38 

18 

-22 

330 

20 

—2 

—24 

340 

10 

—14 

—26 

350 

0 

—26 


In this table c, = actual grid volt¬ 
age, Ct = voltage across tube, = 
voltage across resistor in series with 
tube, and e, = signal voltage. The 
signal voltage given in the last 
row, is obtained by adding the actual 
grid-to-cathode voltage e,, given in 
the first row (negative values) to 
the voltage across n, given in the 
third row. The linearity, as shown 
in Fig. 5, from zero up to about 290 
volts, where the table shows the 
actual grid voltage to be about —1 
volt and where we might approach 
the point of grid current, thus losing 
the infinite impedance characteristic, 
is almost unbelievable. The use of a 
high quality resistor for r, will con¬ 
vert a precision d-c milliammeter 
into a vacuum tube d-c voltmeter cap¬ 
able of high precision. To obtain a 
very linear detector or a-c vacuum- 
tube voltmeter capable of handling 
large signals, all we have to do is to 
apply the signal with a bias of 26 
volts, as shown by the graph. 

Of the greatest interest is the 
use of a cathode resistor common to 
two tubes, as shown in Fig. 6. The 
very valuable properties of this cir¬ 
cuit were first recognized by Gold¬ 
berg^ and Schmitt,* apparently inde¬ 
pendently of one another. 

Two Tehat at Cafliodg Fbate laverter 

In the circuit shown in Fig. 6 
the grid of tube II is held at a fixed 
potential with respect to ground by 
the bias voltage (shown as ob¬ 
tained from a battery) while to the 
grid of tube I the same bias plus the 
signal is applied. Consider the time 
when the signal makes the grid of 
tube I more positive. The current in 


tube I then tends to increase; but 
this increase of current, passing 
through Tp, would like to make the 
cathode “follow,” as explained be¬ 
fore, and, with the two cathodes 
connected, the cathode of tube II 
will therefore become more positive 
with respect to its grid, or, what 
amounts to the same thing, the grid 
will become more negative with re¬ 
spect to its cathode. This causes a 
decrease of current in tube II; this 
decrease must be less, however, than 
the increase of current in tube I, 
otherwise the total current flowing 
in the cathode resistor would de¬ 
crease, and the cathode could not 
change its potential in the direction 
just reasoned. The plate potentials 
of the two tubes, that is, the poten¬ 
tial of the points A and B of Fig. 6 
therefore change in the opposite di¬ 
rection: A becomes more negative, 
B more positive. The question arises 
immediately what these potential 
changes will be in relation to the 
signal applied to the first grid, and 
in relation to each other. 

Before going into the exact treat¬ 
ment of this case, a quick insight 
may be had by a simple assumption. 
Let n be infinite, or at least very 
large. This would of course call for 
a very high voltage supply, since the 
drop across r. must be covered by 
the supply. Under this condition the 
current ic must remain substantially 
constant, since even a very small 
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change would cause a large change of 
cathode potential. But since is 
equal to the sum of /, and u, this 
means that any increase in must be 
accompanied by an equal decrease in 
i-, and the cathodes have no other 
choice in responding to the applica¬ 
tion of the signal to the first grid, 
than to adjust their common poten¬ 
tial to such a point that this condi¬ 
tion will be fulfilled. For infinite r, 
and linear operation of the tubes, 
this would obviously be the case, if 
the cathodes will ‘‘follow” just one 
half of the signal voltage change ap¬ 
plied to the first grid. Thus, if the 
instantaneous value of the signal ap¬ 
plied to the grid of tube 1 makes this 
grid let us say 4 volts positive, but if 
the cathodes follow 2 volts, then the 
actual grid voltage change on tube I 
will be 2 volts positive, on tube II 2 
volts negative. Linear operation of 
the tubes assumed, the two plate 
currents will change equal amounts 
in opposite direction, thus keeping 
the current flowing in the common 
cathode resistor constant The poten¬ 
tial changes of point A and B are 
then also equal, but opposite in di¬ 
rection. 

The exact treatment of this case 
can be made rather involved, but it 
can also be made very simple by the 
proper method of attack. 

Suppose we investigate what hap¬ 
pens if we introduce signal voltages 
to both grids. Let us confine our¬ 
selves, however, to a condition where 
the same amount of signal voltage 
change is impressed on both grids, 
but once the two voltage changes 
are in phase, the other time out of 
phase. 

If we change both grid potentials 
the same amount and in the same 
direction (by tying the two grids 
together, for instance) the two tubes 
will act just like one, with an r, 
equal to one half of the r, of each 
tube, and a load resistance also equal 
to one half of the load resistance of 
each tube. The total current change, 
due to a signal change He/ applied to 
both grids will be given by Eq. (6), 
with the proper values substituted. 
We obtain 



The plate current change of each 
tube will be one half of the value 
given by Eq. (8), that is 




Ait ■■ 


i (m 

+ Dr, 

_ M Ae/ ‘ 

g -h r, -h 2 (m + 1) r. 


(9) 


If we excite the grids in push-pull, 
that is, make grid II negative ex¬ 
actly the same amount that we make 
grid I positive, then, linear opera¬ 
tion assumed, the current in tube I 
will increase as much as the current 
in tube II decreases. For t, remain¬ 
ing constant, the cathode will not 
change its potential at all, and the 
current changes taking place can be 
calculated by means of the equivalent 
plate circuit theorem, as if the tubes 
were operating with fixed bias. 
Therefore, if we make grid I more 
positive by Ae/' while making grid 
II the same amount Ae/' more nega¬ 
tive, the plate current changes will be 


Ai/ 


M Ae/ 
g + N* 


At/ 


M Ab/ 
g + r. 


( 10 ) 


These two cases are therefore 
easily enough managed mathe¬ 
matically, but they are not what we 
are interested in. ‘We want to know 
what happens if Ae, is applied to one 
grid, while the other remains at a 
constant potential. But this desired 
change in grid potentials could be 
considered as the result of two steps: 
at first, we make both grids an 
amount Ae./2 more positive, while 
in the second step we make grid I an 
additional Ae,/2 more positive, while 
making grid II more negative by the 
same amount. The total result of 
these two steps is obviously a change 
of Ae, volts on the first grid, and zero 
change on the second grid. The cur¬ 
rent changes taking place during 
the first step are found by Eq. (9), 
substituting Ae,/2 for Ae,% while the 
current changes due to the second 
step are found in a similar way by 
means of Eq. (10), with the substi¬ 
tution of Ae,/2 for Ae/\ Adding the 
results of these substitutions into Eq. 
(9) and Eq. (10) we obtain the total 
current changes Ait and At.: 


Ail 


2 Vr, + g* 

. JL s/ s 

2 ^ r. -h g ^ 


+ g -f- 2 (m + l)fi 







anaB9«m«ats 


At 2 


H Ae , / 1 

2 Ar, + g ^ 

-f g + 2 (/M -f D 


= 1 

2 r, H- g ^ 

“r, + B+ 2 (M+ Dr.) 
Designating 

F r,-|-g 

r,-hg-f2(M-fl)r. 

we could call this factor the ‘‘devia¬ 
tion factor from true push-pull out¬ 
put.” For r,— 00 the value of this 
factor becomes zero, and the two 
current changes are equal in size 
and opposite in sign, as we had 
already reasoned out for this case. 
The amount of change is seen to be 
the same as if one half of the signal, 
i.e. Ae./2 had been applied to each 
tube under fixed bias condition. 

Often the voltage between points 
A and B alone is of interest, without 
regard of the distribution. This volt¬ 
age is given by: 

A«4 • Ail g — Ail g 

_ 1m A$, g I B» I 1 an 

M Ab, g 
" g+f. 

This is an important result: it shows 
the total output voltage to be inde¬ 
pendent of the cathode resistor and 
just as large as if the signal had 
been applied to one tube only, this 
tube working with conventional fixed 
bias condition. 


ixaiaple of Desiga Proeediire 

Again an example may show most 


Ai‘« A (it "h ii) 


f g -h t f. + (m + D r. 
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quickly the relations and procedure. 
For each triode section of a 6A6 
the following values were read from 
the curves: 

« 120 volts 
— 2 volts 
2 ma 
M *" 36 

Tp ^ 25,000 ohms 

Suppose a 850 volt d-c supply is 
available for the operation of the 
stage, and that we were willing to 
let the load consume 150 volts. Load 
and tube would therefore take 270 
volts, leaving 80 volts for the cathode 
resistor. A current of 2 ma in each 
tube and 4 ma in the cathode resistor 
gives then the resistor values shown 
in Fig. 7. The grid bias will have to 
be —78 volts. If a one-volt signal is 
placed on the grid of the first tube, 
according to Eq. (12) the total out¬ 
put voltage (that is the voltage 
wiUbe, 


^ _ 86X 1 X 75,000 ,,^,,, .. 

75,000 + 26,000 

If the output were true push-pull, the 
voltage change of point A and of 
point B would each be exactly one 
half of the total output, or 18.125 
volts. Actually the voltage swing of 
points A and B (Fig. 6) will be: 


- 13.125 X (1 + Q 

- 18.126 X (1 - F) 


The two output voltages are of op¬ 
posite polarity, or, in the case of a-c, 
of opposite phase. In our case F is 


F 


_ rp + R 

r, -f « + 2 (/i -f 1) r. 

26,000 4- 75,000 
26,000 X 75,000 + 72 X 20,000 
100,000 

100,000 + 1,440,000 


100 1 
1,510 * 16.4 


0.065 


Therefore 





em 


13.126 -f 


18.126 

15.4 

13.125 + 0.862 


- 13.126 4* 


13.125 

15.4 


- - 13.126 4- 0.862 - 


« 13.977 

- 12.273 


Improving latonco 

For many applications this unbal¬ 
ance of approximately 14 percent 
would not be of any consequence. If 
a closer balance is required, it is of 
course possible to tap the load re¬ 
sistor of the first tube at the appro¬ 
priate place, and take the output from 
this tap instead of point A. Another 
method of improving the balance, 
used by Goldberg in later modifica¬ 
tions of his high gain d-c amplifier, 
is based on replacing n by a pentode. 
Since in all our derivations we are 
interested only in variational resis¬ 
tances, that is in the ratio of voltage 
change to current change, use can be 
made of the very high plate resistance 
of a pentode, approaching values near 
one megohm, without the need of 
the high voltage supply which a 
regular one megohm resistor would 
require. If values of several hundred 
thousand ohms are introduced in the 
expression for the deviation factor, 
F, it is seen to approach zero for all 
practical purposes. Since the plate 
characteristics of pentodes remain 
flat to relatively low plate voltages, 
the advantage of a high r, can be had 
without sacrificing a large amount 
of voltage over it. 

Cascaded Caffcede Phase laverfers 

If two or more stages with cathode 
resistors are cascaded, as shown in 
Fig. 8, a considerable improvement 
of balance results, due to the fact 
that the signal applied to the grid 
of the second stage is already essen¬ 
tially a push-pull signal. The small 
unb^anced part of this signal—^in 
the above discussed example about 
14 percent—^will again be mostly 
converted into a push-pull signal, so 
that the unbalance of output In the 
second stage could be called of sec¬ 
ond order. In this particular case cal¬ 
culations show that with an over-all 
amplification of 26.26* = 689 for two 
identical stages, the two 180 deg. out- 
of-phase output voltages will differ 
less than one percent from each 
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other. With the tolerances of com¬ 
mercial resistors and with the tubes 
hardly matching that closely, this is 
obviously an entirely theoretical 
value; the actual unbalance migrht 
be more or less than this calculated 
value. 

Another interesting arrangement 
results if a load is connected between 
points A and B. This load may be a 
milliammeter such as found in 
vacuum-tube voltmeters of the type 
of the RCA Voltohmyst. The funda¬ 
mental circuit is shown in Fig. 9. 
The current in the load, and the cur¬ 
rent changes in the resistors R due 
to the application of an input voltage 
can again easily be predicted by 
means of the same reasoning as in 
the open circuit case. The application 
of Ac. on the grid of the first tube 
can be considered as the result of two 
steps, as before: (1) Voltage of both 
grids changed by Ac./2 in the same 
direction; (2) Voltage of first grid 
increased an additional Ac./2 in the 
same direction, second grid Ae./2 in 
the opposite direction. During the 
first step the current in both plate 
resistors will increase the same 
amount, but no load current will re¬ 
sult; the second step represents pure 
push-pull operation, on which the 
value of r« has no influence. The 
equivalent circuit for this case is 


shown in Fig, 10. The current in the 
load is given-by 


ii. 




2R 


2r.-f 


2RRl 

2R-\-Rt 

Ai 


2R^Ri 


r, (2 ft + Ri) -h RR^ 
_ M Ae, _ 


(13) 


If the load is a relay, instead of a 
meter, it will be desirable to make its 
resistance of such value that the 
maximum power will be obtained in 
the coil, or stating it in a different 
manner, that operation will result 
with the smallest possible input. The 
value of Rl giving the best match 
can be found by forming the expres¬ 
sion for the power in the coil, P = 
ih X Rl, with the value for 
it from Eq. (18) substituted into 
this expression, then differentiating 
P with respect to Ri and equating tc 
zero, in the well known procedure to 
determine maxima and minima. The 
value will be found to be 


If Rl is given, that is, cannot be 
chosen, no attempt must be made tc 
satisfy Eq. (14) by giving R a value 
such that Eq. (14) will be satisfied. 
A little thought will show that B 
should always be as large as possible; 


for R approaching infinity, Rl^^^ will 
approach the value 2rp. Since the 
plate current flows through R, how- 
ever, large values would make a high 
voltage d-c supply necessary. 

Due to the balanced condition At 
far as plate supply is concerned these 
circuits seem to show the way to the 
solution of the d-c amplifier problem, 
as shown in Goldberg's paper. It h 
hoped that this discussion will help 
workers in this field to become a little 
more familiar with the characteris¬ 
tics of them. 
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Graphical Solutions for Cathode Followers 


Survey of cathode follower input circuits and a method of computing design data for the 
desired circuit from the conventional load line. Plate-loaded and cathode-follower am¬ 
plifiers are compared. Several examples are given 


T he literature contains a num¬ 
ber of articles on cathode 
followers,*" covering various 
aspects of their operation. Two 
methods of graphical solution have 
been presented*’^ The method 
which follows is thought to be some¬ 
what simpler than the others, in 
that only the conventional family 
of plate characteristics for the tube 


By HERBERT L. KRAUSS 

and a load line are required. Special 
scales for cathode voltage and sig¬ 
nal voltage must be determined for 
each value of load resistance, but 
this is not difficult after the quies¬ 
cent operating point has been 
located. Once the signal-voltage 
scale has been provided, an analysis 
for voltage or power output and 
harmonic distortion may be made 


by conventional methods. 

Assumptions 

The load on the tube is assumed 
to be a pure resistance in all cases. 
Coupling and by-pass capacitors are 
assumed to have zero reactance; 
shunt capacitances due to tube ele¬ 
ments, are assumed to have infinite 
reactance. Where transformers are 
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used for coupling, they are assumed 
to be perfect, that is, to have zero 
winding resistance and leakage re¬ 
actance, unity coupling, and infinite 
primary and secondary inductance 
with a finite ratio of transforma¬ 
tion. For the sake of generality 
the source of signal voltage is as¬ 
sumed to be an amplifier stage 
which must be capacitance-coupled 
to the grid of the cathode follower. 
In some of the examples the circuit 
may be simplified if capacitance 
coupling is unnecessary. 

Quietceiit Operotine Ceeditloiis 

Figures 1 to 7 show common 
forms of the cathode-follower cir¬ 
cuit, differing only in the method 
of obtaining grid bias. If high 
input resistance is required the 
circuits of Fig. 2 and 7 are best, 
because in these circuits the alter¬ 
nating voltage across R, is E, — 
E, = Eg, the lowest possible value, 
and thus very little current will 
flow in Rg. On the other hand, in 
Fig. 1 the voltage across Rg is Eg, 
Since Eg ^ 0.1 E, in many cathode 
followers, a given yalue of Rg will 
look approximately ten times as 
large to the signal source in the 
circuit of Fig. 7 as it would in that 
of Fig. 1. The circuits of Fig. S 
and 6 would give intermediate 
values. 

To illustrate the graphical solu¬ 
tions for the quiescent operating 
points, the characteristics of a 6J5 
tube will be used, with Ru ss 10,000 


ohms, and a plate supply voltage, 
= 300 volts. The steps in the 
solution are illustrated in Fig. 8. 
(1) Draw a load line with slope 
equal to —1//2» through the point 
E^g on the plate characteristics of 
the tube. (2) For convenience in 
computation, add a scale for be¬ 
low that for eg, using the relation 

eg = Egg - Cg. (1) 

(3) Locate the quiescent operating 
point (e, = 0) for the particular 
circuit used. The method of doing 
this is indicated below for each of 
the circuits. 

In Fig. 1 the grid is at ground 
potential under quiescent condi¬ 
tions. Thus Erg = --Egg (2) 

defines the quiescent operating 


point. From an inspection of the 
operating characteristics in Fig. 8 
this is seen to occur approximately 
at the point where Egg = —14 volts, 
Egg — -f 14 volts. It is labeled point 
A in Fig. 8. 

In the circuit of Fig. 2, E^g = 0 
because the grid leak connects the 
grid directly to the cathode. This 
gives the operating point indicated 
by B in Fig. 8. At this point 
Eko = 163 volts. 

The circuit of Fig. 3 gives an 
operating point that lies between 
those of the previous examples. The 
grid is at the potential Egg above 
ground where F.. is the quiescent 
value of Cg. The condition to be 
satisfied is that 

Erg = X = - (Egg - F..) 

= — Eg„ X Rg\/Rg 
where Rg ^ Ft, -f F« (3) 

As an example, suppose that the 
quiescent operating point is to be 
located where Ff„ = —6 volts, and 
E,;„ = 89 volts. Then from Eq. 3, 
Rgx Rg (Eco/ — Egg) = 10,000 X 

6/89 = 674 ohms, and 

Fm = 10,000 — 674 = 9,326 ohms. 
This gives the operating point 
labeled C in Fig. 8. 

In the circuit of Fig. 4 the oper¬ 
ating point may be chosen at will 
by adjustment of the bias voltage, 
Fc,. From inspection of the circuit 
it is seen that the condition 

Egg = Egg -j" Egg (4) 

must be satisfied. If the operating 


eg *> total instantaneous plate- 
cathode voltage 

U total instantaneous plate 

current 

e« — total instantaneous grid-cathode 
volta^ 

fk total instantaneous cathode- 

ground voltage 

e« -> total instantaneous voltage de¬ 
veloped across a iwrtion of Rh, 
as shown in Fig. 3 and 6 
e, •> total instantaneous signal volt¬ 
age, ^ptied between grid and 

Em quiescent grid-cathode vdtage 

Ekt quiescent cathode-ground volt¬ 

age 

Eb0 quiescent plate^sathode voltage 

Em "" bias supply vdtage 
Ebh plate supply voltage 

— Fm "■ instantaneous varying 
component of grid-cathode volt¬ 
age 


Symbols 

fc eg — Ekg instantaneous varying 
component of cathode-ground 
voltage 

tbo « quiescent plate current 
Eg -> effective value of a-c signal volt- 
age 

Eg » effective value of a-c grid- 
cathode voltage 

Eg effective value of a-c cathode- 
ground (output) voltam 
91 amplification factor of the tube 
r, » dynamic {date resistance of the 
tube 

Rg » grid leak resistance 
Rk cathode load resistance 
Rpg "i plate-to-plate load resistance of 
a push-pull amplifier 
Rl plate load resistance of a trans- 
lormecHxnipled, sinrie-tube 
am|ilifier,or F9p74 for a push- 
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FIG. 8—A lyp* 61$ tub* on eatbed* iellowar with squal to 10,000 ohau and 

Ett oquol to 300 volt* 


point used in Fig. 3 (E,. = —6 
volts, J?». = 89 volts) is chosen, 
Ecc = 83 volts. 

The operating bias for the cir¬ 
cuit of Fig. 6 is obtained by means 
of the voltage divider E and R, con¬ 
nected from B-f- to ground. By 
proper choice of these resistors a 
quiescent grid-to-ground voltage of 
any desired value (equivalent to 
the E„ of Fig. 4) may be obtained. 
Locate operating point as before. 

The operating point for the cir¬ 
cuit of Fig. 6 is determined in the 
same manner as that in Fig. 3. 

For Fig. 7, Ec, = -/». X JJ* (6) 
If Em + Rt = 10,000 ohms and op¬ 
erating point C is assumed, = 
8.9 milliamperes and E» = 6/ (8.9 x 
10'*) = 674 ohms. Thus = 9,326 
ohms. These results are the same 
as those obtained in Fig, 3. Since 
El, is bypassed by C» in Fig. 7, the 
a-c load resistance (Ek) is less than 
the d-c resistance (K» + R*). If 
R, were to be kept at its previous 
value of 10,000 ohms, a new d-c load 

line corresponding to R, + R, would 
have to be drawn. If the a-c load 
line passes through operating point 
C the value of R» may be found as 
before. The d-c load line would 
now pass through the operating 
point and the point Et, = 306 volts. 
Thus the operating point may be 
selected on &e a-c load line and the 
plate-supply voltage increased above 
the previously chosen value of 300 
volts by the amount of the bias volt¬ 
age. This correction, which would 
also apply to a plate-loaded amplifier 
with a cathode bias resistor, will 
generally be so small as to be negli¬ 
gible for all practical applications. 

The choice of the operating point 
is governed by the same considera¬ 
tions as in plate-loaded amplifiers. 
If the point is too near E.. = 0 
(point B of Fig. 8) the quiescent 
piate dissipation may be excessive 
or the grid may be driven positive 
and grid current caused to flow. If 
the operating point is too near the 
other end of the load line (such as 
point A of Fig. 8) nonlinear dis¬ 
tortion is increased and the tube 
may be driven to plate-current cut¬ 
off with a relatively small signal 
voltage. Operating point C repre¬ 


sents a good compromise since it 
allows large voltage swings in both 
directions with low distortion. 

Dynamic Op*ratln9 Canditiont 

Once the static load line has 
been found and the quiescent oper¬ 
ating point located, the dynamic 
load line may be drawn through the 
operating point. The a-c load re¬ 
sistance will be smaller than the 
d-c load resistance whenever a load 
is connected between the output 
terminals of Fig. 1 to 7, or when a 
by-passed bias resistor is used, as 
in Fig. 7. In many applications the 
difference between these two load 
lines is negligible, and it is so 
assumed in the example which 
follows. 

Using the load line in Fig. 8 and 
operating point C, the required sig¬ 
nal voltage (e.) is to be determined 
for various instantaneous operating 
points along the line. A convenient 
method consists of determining the 
amplitude of the signal voltage at 
each intersection of the load line 
and the tube characteristic lines. 


The instantaneous values of e, may 
be found from the relation 

c, = e. — E„ -f- c» — Eh, (6) 
where E,. and Et. are the values at 
the quiescent operating point. 
The above equation is equivalent to 
the expression 

E. = E, + E. (7) 

involving only the a-c components. 
Thus in Fig. 8 at point D, e, = —4 
volts, c, = 113 volts, and e, = —4 
- (-6) + -113 - 89 = 26 volts. 
Other values for e, are found simi¬ 
larly and are indicated in a scale 
along the load line. Once the scale 
has been determined for «„ addi¬ 
tional points on the scale may be 
found by interpolation where neces¬ 
sary. Because of the low distortion 
obtained in cathode followers, a 
linear interpolation of values of e, 
between the points previously 
found is sufficiently accurate for 
most purposes. 

Dlitorflea Aaalyilt 

A sinusoidal signal voltage may 
now be assumed, and the' output 
voltage or current may be analyzed 
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FIG. 9—A direct-coupled circuit 


for fundamental-frequency and 
harmonic components by the 
methods usually employed for 
power amplifiers.* It is important 
to note that the signal voltage (e,) 
scale must be used for this analysis 
rather than the e«-scale which is 
used for conventional amplifiers. 

Using operating point C in Fig. 
8 a signal amplitude of 80 volts is 
necessary to drive the grid to zero 
bias, at which point = 163 volts 
and = 74 volts. When 

the instantaneous signal voltage is 
80 volts negative (this point is indi¬ 
cated on the load line), = 17 volts 
and e. = —72 volts. Thus the 
amplitude of output voltage is 
nearly the same on the positive and 
negative half-cycles, indicating 
very little distortion. The voltage 
amplihcation of the circuit is: A = 
\/2EjyJ2E. = 78/80 = 0.91. 

By contrast, if the circuit were 
operated as a plate-loaded amplifier 
with the same operating point and 
yji F, = 6 volts, the corresponding 
values of amplitude of output 
voltage would be 74 for the posi¬ 
tive half-cycle and —60 for the 
negative half-cycle, giving a fairly 
large percentage of second-har¬ 
monic distortion.^ 

The conclusions to be derived so 
far are that the cathode follower 
has inherently low distortion be¬ 
cause of its negative feedback; high 
input impedance which is advan¬ 
tageous if the previous stage is 
sensitive to loading; low output 
impedance desirable for driver- 
stage applications; but the disad¬ 
vantage of requiring a signal input 


B4> 



slightly larger than the output 
voltage. 

Many useful applications of the 
cathode follower as a coupling stage 
between a high-impedance source 
and a low-impedance load or as a 
video amplifier stage have been 
cited in the literature.’”^ The pos¬ 
sibility of direct coupling to the 
grid of the cathode follower from 
the previous stage as indicated in 
Fig. 9 should be considered because 
it permits the elimination of the 
coupling capacitor and grid leak 
usually required. If the direct grid- 
to-ground potential of the cathode 
follower can be the same as the 
quiescent plate voltage of the pre¬ 
vious stage, direct coupling should 
be feasible. Figure 10 shows an¬ 
other direct-coupled circuit which 
has been used successfully in our 
laboratory, where it was desired to 
make selectivity measurements on 
a tuned r-f amplifier stage. Since a 
diode-type vacuum tube voltmeter 
would cause appreciable loading of 



the tuned circuit, and a consequent 
reduction in gain and selectivity, a 
cathode-follower stage was inserted 
as shown. The screen grid of the 
6SJ7 may be operated at 76 to 100 
volts, which is a convenient range 
for the quiescent grid-to-ground 
voltage of the cathode follower. The 
resistor R was necessary in the grid 
lead to prevent oscillation of the 
cathode follower stage.’ A value of 
R between 100 and 1,000 ohms is 
generally sufficient to prevent 
oscillation. 

A-M Detector 

The circuit of Fig. 11, with a 
high value of R^ and an r-f bypass 
capacitor C, will act as a detector 
for amplitude-modulated waves. 
The large value of Ru will cause the 
tube to be biased near cutoff under 
quiescent conditions. Thus the ac¬ 
tion is similar to that of a diode 
detector with the added advantage 
of high impedance presented to the 
signal source. The disadvantage of 
this circuit as a detector is that, no 
matter how high Rk is made, the 
bias voltage for the grid must be 
developed across Ru, and a negative 
signal equal to this bias voltage 
must be applied before the tube will 
cut off. Thus for small applied 
signals no rectification will occur. 
This difficulty can be avoided by 
applying enough direct voltage in 
the grid circuit to bias the tube to 
cutoff, but this is not always a 
convenient solution. The output 
voltage of this detector is positive 
with respect to ground, and there- 



FIG. 12—A iroBslenMr-coiipM amplifier 
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Table I 

Fundamental-frequency power output and second harmonic distortion of a triode ampli¬ 
fier, plate-loaded and catho^loaded. Triode-connectcd 6L6 tube with Ehb * 255 
volte, Em ^ — 22.5 volte, V2 - 22.5 volte 

Plate-loaded 


Rl' 

Po 

Percent 2nd 

ohms 

watte 

harmonic 

1,700 

1.78 

14.2 

3,400 

1.71 

7.5 

5,000 

1.53 

5.5 


fore is not useful for avc purposes. 

Because of the low output im¬ 
pedance of the cathode follower, it 
is sometimes useful as a power 
amplifier if the load impedance is 
subject to variation. The circuit 
diagram of a power amplifier with 
the load transformer-coupled into 
the cathode circuit is shown in Fig. 
12. Although fixed bias is indi¬ 
cated, cathode resistor bias such as 
that used in Fig. 7 may be more 
convenient as long as the opera¬ 
tion is restricted to class A. A 
graphical solution for the circuit of 
Fig. 12* is similar to that for a plate- 
loaded amplifier, except that scales 
must be provided for e, and e* as 
they were in Fig. 8. The quiescent 
operating point is determined from 
the plate-supply voltage and bias 
voltage exactly as it would be for a 
plate-loaded amplifier. Similarly, 
the slope of the load line is deter¬ 
mined by the reflected load resis¬ 
tance {Rt!) seen in the primary cir¬ 
cuit of the transformer. 

Figure 18 shows the graphical 
construction for a type 6L6 tube 
operated as a triode with Ett = 255 
volts. Fee = —22.5 volts, and with 
load resistances of 1,700 and 6,000 
ohms on the primary side of the 
transformer. A scale for Si. appears 
below the Srscale, and values of 


Cathode-loaded 


p. 

Percent 2nd 

V2 E, 

watte 

harmonic 

volte 

2.06 

13.2 

122..5 

2.06 

2.4 

148.5 

1 80 

0.6 

160.0 


e, are indicated along the two load 
lines. Note that Ck = 0 at the oper¬ 
ating point; thus e. is easily deter¬ 
mined at any point along the load 
line from the relation 

e, := e, 4- e, (8) 

Table I summarizes the results of 
calculations with three values of 


load resistance for both plate load¬ 
ing and cathode loading. The same 
grid-cathode voltage (\/2 E\ — 22.5 
volts) was used in all cases, the cor¬ 
responding values of \/2E, being 
given in the table for the cathode- 
loaded amplifier. The fundamental- 
frequency power output and percent 
second harmonic distortion were 
calculated by the method given in 
reference number 8, with the as¬ 
sumption that harmonics higher 
than the third were negligible. Note 
that Vj, 2 :: 1,700 ohms at the operat¬ 
ing point—thus the values of load 
resistance used correspond approxi¬ 
mately to R,/ = Tp, 2 Vp and 3 rp. 

For the 1,700-ohm load the cath¬ 
ode loading does not reduce the dis¬ 
tortion appreciably below the value 
obtained with plate loading, because 
the signal amplitude is such as to 
cause the tube to be cut off during 
part of the cycle (i.e., u = 0 at e, = 
—90 volts). If the signal amplitude 
is reduced to 90 volts (=:V2j&,) 
with the 1,700-ohm load, P* = 1.31 
watts and the second harmonic dis¬ 
tortion = 6.1 percent. 

With the other values of load re¬ 
sistance the harmonic distortion is 
reduced considerably by cathode 



FIG. 13—A type 9L6 tube ui«d ai a traniionner-coupted cathode-loaded power 
amplUler with ITi, equal to 1,700 ohms (upper curve) ond 5,000 ohms. is 255 

volts and E,, is —22.5 volts 


Table II 

Triode-connectcd 6L6 tubes in push-pull, with Etb — 255 volts, Em =* — 22.5 volte, 
V?F, » 22,5 volte 



Plate-loaded 


Cathode-loaded 


Rl' 

P. 

Percent 3rd 

Po 

Percent 3rd 

V2 E, 

ohms 

watte 

harmonic 

watts 

harmonic 

volte 

500 

3.72 

0.41 

3.75 

0+ 

83 

1,000 

4.20 

0.36 

4.20 

0-h 

114 

1,500 

4.02 

0.23 

4.02 

0-f* 

131 


(In the push-pull amplifier Rl is the equivalent load resistance presented to the com¬ 
posite tube, and is equal to one-fourth the plate-to-plate load resistance) 
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Table III 

TmMJe-conncJcted 6L6 tubes in push-pull, with Ebb ** 23i> volts, Em — 30 volts, 
'>12 Eg ^ 30 volts 


Plate-loaded Cathode-loaded 



Po 

Percent 3rd 

Po 

Percent 3rd 

V2 E. 

ohms 

watts 

harmonic 

watts 

harmonic 

volts 

500 

3.66 

4.75 

3.83 

1.07 

93 

1,000 

4.30 

3..59 

4.57 

0.35 

126 

1,.500 

4.37 

2.81 

4.60 

0.22 

147 

1,700 

4.28 

2,82 

4.53 

0.04- 

154 



Table IV 




Triode-connected 6L6 tubes 

in push-pull, with Ebb 

255 volts, Em ■» — 

37.5 volte 

V2 E, - 37 

.5 volts 






Plate-loaded 


Cathode-loaded 


Rl' 

Po 

Percent 3rd 

Po 

Percent 3rd 

<ZE. 

ohms 

watts 

harmonic 

watts 

harmonic 

volte 

1,000 

3.72 

11.0 

4.35 

2.9 

133 

1,250 

3.80 

10.9 

4.52 

1.8 

145 

1,500 

3.81 

10.0 

4.48 

1.7 

155 

2,000 

3.72 

9.0 

4.26 

1.8 

170 


loading and the power output is in¬ 
creased about ten percent. In all 
cases the large values of signal volt¬ 
age required for cathode-follower 
operation are a definite disadvange. 

Pttfli-Rall Power AmpliRor 

The circuit for the cathode-loaded 
push-pull power amplifier is shown 
in Fig. 14. An examination of the 
conditions to be satisfied for both 
quiescent and dynamic operation 
shows that they are identical with 
the conditions for a plate-loaded 
push-pull amplifier. The conditions 
are: 

quiescent —itr = = Eccf 

e*, = Cks = 0, and Cbi = = £*« (9) 

dynamic—Ae,x = — Ae,*, ACk, = 
—Aeks, ibi — ikf = u; therefore Ae,, 

= — A^rs, ACi, = — ACm (10) 

In these relations the subscripts 
1 and 2 refer to the two tubes of the 
push-pull circuit, and ia is the net 
flux-producing cojnponent of cur¬ 
rent in the transformer primary. 
This current is defined in the con¬ 
ventional manner® so that u X N, ^ 
U X N., (11) 

where N, is the number of turns on 
one-half the primary, and N, is total 
secondary turns. 

Since the conditions to be satis¬ 
fied are the same for both cathode 
loading and plate loading, the 


graphical solution for plate-loaded 
push-pull amplifiers is applicable. 
A signal-voltage scale must be pro¬ 
vided along the load line on the com¬ 
posite characteristics. Two 6L6 
tubes, triode-connected, were used 
for this analysis. A comparison of 
fundamental-frequency power out¬ 
put and third harmonic distortion 
for plate-loaded and cathode-loaded 
amplifiers under various operating 
conditions is given in Tables II to V. 

Coselstiou 

From the results of these calcula¬ 
tions the following conclusions are 
drawn concerning cathode loading 
versus plate loading for power am¬ 
plifiers : 

The advantages in all cases of 
cathode follower operation are the 
high input impedance (with nega¬ 
tive grid operation) and low output 
impedance. The latter is particu¬ 
larly desirable when the load imped¬ 
ance may vary with frequency and 
a constant load voltage is desired. 
The disadvantages in all cases of 
cathode-follower operations are the 
large signal voltages required and 
the possibility that the maximum 
allowable cathode-to-filament poten¬ 
tial of the tubes will be exceeded 
under maximum output conditions. 
For the single-tube amplifier, cath 


ode loading will increase the power 
output and reduce the distortion 
compared to plate loading, provided 
the signal voltage used for cath¬ 
ode-follower operation does not 
drive the tube to plate-current cut¬ 
off (see Table I). 

If the distortion is low for the 
plate-loaded case (either single or 
push-pull tubes) cathode loading 
will not increase the power output 
appreciably (see Table II). This is 
logical since if the distortion were 
negligible, the instantaneous excur¬ 
sions along the load line would be 
exactly the same for either type of 
loading. If the distortion is high in 
push-pull plate-loaded operation, 
cathode loading will reduce the dis¬ 
tortion considerably and may in¬ 
crease the power output by more 
than ten percent. (See Tables III 
to V.) The increase in power out¬ 
put occurs because the negative 
feedback with cathode loading acts 
to increase the amplitude of the 
fundamental - frequency current 
while reducing the harmonic cur¬ 
rents. The value of equivalent load 
resistance (Rl) which gives maxi¬ 
mum power output is approximately 
the same for both cathode loading 
and plate loading in each case con¬ 
sidered. With a fixed operating 
point and fixed grid voltage ampli¬ 
tude this result would be expected, 
since the excursions along a given 
load line are approximately the 
same for both types of loading. 



no. 14 — A ecrtliede-locMled push-piiU 
power ompUilef dreult 
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Table V 

Triode-connected 6L6 tubes in push-pulb with Ehh « 235 volts, Eee ■* — 37.5 volts, 
Vl /iff ■» 45 volts (grid driven 7.5 volts jjositivc) 



Plote-loadod 


Cathode-loaded 


/fi/ 

Po 

Perfient 3rd 

P. 

Percent 3rd 

V2 E. 

ohms 

watts 

harnioiiic 

watts 

harnionif! 

volts 

1,000 

6.27 

10.7 

7.37 

2.2 

169 

1,250 

6.34 

10 2 

7.13 

1.8 

181 

1,500 

6.3.5 

9.2 

7. ,39 

1.5 

196 

2,000 

6.08 

9.0 

7.00 

1.6 

215 


The internal impedance of a tube 
acting as a cathode follower is 
r^/ (1 -f /i..) If the Maximum Power 
Transfer Theorem is applicable, a 
load resistance equal to the internal 
resistance of the tube would give 
maximum power output. However, 
this theorem holds only for strictly 
linear operation of the tube with a 
constant voltage generated in the 
equivalent plate circuit, and thus 
restricts the grid swing to small 
values for the plate-loaded ampli¬ 
fier. This restriction is not so se¬ 
vere for cathode loading because of 
the reduced distortion. The equiva¬ 
lent generator for a cathode fol¬ 
lower produces a voltage /JE'./(1 -f 
/x)*'’; thus it is the signal voltage 
E, that must be kept constant in 
this case rather than while the 
load resistance is varied to obtain 
maximum power output. This fol¬ 
lows also from Shapiro’s graphical 
solution^ involving equivalent plate 
characteristics for the cathode fol¬ 


lower, wherein the input signal is 
represented by the grid-to-plate al¬ 
ternating voltage which is identical 
with the E, used here. 

Although the above arguments 
are theoretically sound, certain 
practical considerations prevent op¬ 
eration of the cathode follower with 
load resistances comparable to 
r^/d -h fx) in order to obtain more 
power output than is possible with 
plate loading. The plate power dis¬ 
sipation of the tube under both 
quiescent and dynamic conditions 
must not exceed its rated value. 
This will locate the operating point 
relatively low on the family of plate 
characteristics (see the operating 
point of Fig. 18, which is near the 
maximum-plate-dissipation point). 
Then for small values of Rl the 
maximum allowable value of E, 
(which will not produce grid-cur¬ 
rent flow or plat-current cutoff) 
will be quite small. With E, limited 
to such a small value the power out¬ 


put will be less than the maximum 
value obtained with the load values 
and signal amplitudes noted earlier. 

In conclusion it should be pointed 
out that this method of graphical 
analysis may also be applied to any 
amplifier that has combined plate 
and cathode loading, or for nega¬ 
tive-feedback amplifiers. The scales 
for e, and would be determined in 
such a case by the amount of feed¬ 
back voltage developed in the grid 
or cathode circuit. Once these scales 
are determined the analysis pro¬ 
ceeds in the manner previously 
given. 
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Analysis of Cathode Follower 


Equivalent circuits for input and 
output impedance and equations for 
the gain of a cathode follower are 
derived by C. N. Jeffery in the 
A.W.A, Technical Review, March 
1945. It is assumed that the input 
signal is small enough to ensure 
linear operation and that grid- 
cathode conductance due to transit¬ 
time and dielectric loss is negligible. 

liilNif Impedeiice 

Symbols are identified in Fig. 1 


and Table 1. From conventional 
circuit analysis the input imped¬ 
ance is found to be 

Zin* « Mi/(rp -i- Zi)| -h z„k -f 

gnJZgi^TpZ\/{rp-^ Z\)\ (1) 

The equivalent circuit for input 
impedance is j;bat of Fig. 2. 

At low frequencies where inter¬ 
electrode and distributed reactances 
are considerably greater than re^ 
sistances in parallel with them the 
equivalent circuit is that of Fig. 


3A. The conditions represented in 
this circuit are that the grid-cath¬ 
ode bias is obtained through Rgu to 
a tap on R^t this tapped portion 
being small enough compared to 
Ak. to be neglected; and that x is 
the ratio of the effective output 
load to the normal output imped¬ 
ance, 1/Pm (a fact to be deduced 
later). This circuit indicates that 
input resistance is increased, par¬ 
ticularly if X is large. In practice 
the load is generally a resistance of 
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Fig. 1—Terms and symbols used in 
text. Inter-electrode capacitances are 
understood to be a part of the various 
impedances 


the order thus the input re¬ 

sistance is 2Rgk 4 

At high frequencies where inter¬ 
electrode reactances are much less 
than their associated resistances, 
if the load is capacitive the equiva¬ 
lent circuit is that of Fig. 3B. The 
negative resistance term may pro¬ 
duce oscillation if the generator 
and input impedances combine to 
form a resonant circuit. The nega¬ 
tive resistance can be neutralized 
by a series resistance whose value is 

p — ( i ff*n) (, ctjp- j 

i -I- iCj i 

c',k f (2) 

Because there will be some damp¬ 
ing by the tuned circuit, the re¬ 
quired grid stopper resistance is 
less than this value. From Eq. 2 
it can be seen that R, decreases 
with increasing frequency there¬ 
fore parasitic oscillations at high 
frequencies require only a small 
grid stopper. 

Some control may be exercised 
over C» which should be kept low. 
An example arose in practice: Out¬ 
put of a cathode follower was con¬ 
nected to a long cable. On discon¬ 
necting the cable load oscillation in 
the cathode follower commenced 
due to the large capacitance of the 
unterminated cable. 


Table 1—Cothode Follower Circuit Symboli 

Ztp — Grid-plait imptdtnet (aniHntd to bt 

- //«Q,) 

Zpk - - Grid-ctdieda Imptdanct, a eapacllanca 

— J/wCpk which may ba thunlad by rtsitlanca 

Zkt — Catheda-aardi Impadanca, aeniially railttor 

coatidarably fraaltr than 1/f«, thunlad at dli- 
cvftad 

Zo ' bitemal Impadanca of eanaraler of amf 9a con- 
nadad to larmlnalt 1,1 

Zl — Impadanca of load connaclad to larmlnalt 3,4 

2i — Zl, Zkt In parallal 

Zt in parallal 

Z% — Zl, Zkt, rp In parallal 

Zin'~~ Input Impadanca without Ztp In parallal 

2i.. -- Inpul Impadanca wMh Zgp In parallal 


If the cathode-earth impedance 
is effectively a resistance R» of value 
x/ffmp the equivalent circuit is that 
of Fig. 3C, which is also the equiva¬ 
lent circuit for low frequencies 
where grid bias is obtained by re¬ 
turning the grid resistor to a bias 
battery. If the grid-earth network 
is reduced to a parallel R-C, the 
resistance is 

- A’a 4- fl 4 Ci) 

The damping effect of this on a 
tuned circuit is less in the case of 
a triode than for a pentode. 

If the cathode follower load is 
inductive, the equivalent circuit is 
that of Fig. 3D. 

Output Impedcnce 

From analysis of the equivalent 
circuit, the general output circuit 
of a cathode follower is reduced to 
that of Fig. 4. At low frequencies 
where in normal practice Rk„ > 
1/^m, fx > 1 or r„ > and pro¬ 

vided Ro > Rgk the output is a re¬ 
sistance l/Om and the circuit re¬ 
duces to that of Fig. 5A. 

In Fig. 5B where the generator 
impedance is a capacitance Co the 
input capacitance is increased. If 
the generator impedance is an in¬ 
ductance Lo and the frequency is 
such that the equivalent input im¬ 
pedance is also inductive (Lt„ is Lo 
and Cgp in parallel as in Fig. 5C), 
the shunting term can be either 
zero, negative, or positive depend¬ 
ing on the ratio ///, where f, is the 
resonant frequency of the series 
circuit Linp Cgk. If Lin is very large, 
oscillations can occur due to the 
negative resistance term. 

If the input is a tuned circuit of 
dynamic resistance R 4 the equiva¬ 
lent circuit is that of Fig. 5D. If 
Zk, is capacitive, resonance can oc¬ 
cur in the cathode circuit, but can 
be prevented by making the cath¬ 
ode impedance more resistive or in¬ 
ductive or by damping the input 
circuit. If it is essential that the 
output impedance be as nearly as 
possible a resistance then Rg 
at the highest operating frequency 
is restricted to very low values, 

Gaiiif 

Two types of gain will be con- 



Fig. 2—Generalised equivalent input 
circuit of cathode follower 


sidered; the stage gain—defined as 
the ratio of output voltage to grid- 
earth voltage ; and the overall gain 
—defined as the ration of output to 



Fig. e-<lalliode ieUewpr lApnl cUculto 
lor (A) low froguonqr* (B) copctoMvo 
lood, (C) rositihro lood, and (D) la- 
dadlvo lood 
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Flq. 4—G*n«ralu«d equivalent output 
circuit of cathode follower 


generator input voltages. 

The stage gain is 

IH ^ I_ 1 -f \lQn^gk _ 

|eo I 11 + (Vm) + + 

IgmZil (4) 

The overall gain is 

\Z„/{Z,^-i-Za)][\ -f l/g^,k\ 

-- 1 _L 1 J. 1 J. 1 J. 

*" ' M gmZ, 

Zffp iXp Zi)Z0 I 

{Za + Z„)r^,gg,zJ ^ ^ 

For low frequency operation Z«n 
is very large thus the stage gain is 
used. Normally Z,u and Z, are con¬ 
siderably greater than 1/pm and if 
fA > 1, the stage gain tends toward 
unity. If in addition Z, = 1/Pm, 
the stage gain is i. 

At high frequencies the input im¬ 
pedance must be considered. Nor¬ 
mally the cathode follower is de¬ 
signed to feed a resistive load of 
value l/g,», Z„k and Z„ are usually 
capacitive, and if /x » 1, the stage 
gain becomes |(1 -h fu),k/p,n)/(2 -h 
|. The overall gain can 


similarly be reduced to a simpler 
expression. 

Conclusions 

It is difficult to define a figure of 
merit for comparing valves to be 
used in cathode follower circuits. 
However the following require¬ 
ments are required at the higher 
frequencies: low output impedance 
for connection to concentric cable 
or low-impedance network (g*. 
high). 

Output impedance independent 
of generator (input) impedance 
(C„u low). 

Freedom from oscillation if cath¬ 
ode impedance becomes capacitive, 
as from removing the load at the 
end of a transmission line connected 
to the cathode follower (gm/Ck.C,* 
high). 

High input resistance when out¬ 
put is correctly terminated 
high). 

From these requirements a tenta¬ 
tive figure of merit of gmlCu.C^p is 
suggested. Applying this figure of 
merit to typical valves indicates 
that the triode is approximately 50 
percent better that the pentode. 

Where input capacitance is im¬ 
portant should be considered. 
If this parameter is included in the 
figure of merit, the triode is 25 per¬ 
cent better than the pentode. For 
additional material on cathode fol¬ 
lowers the reader is referred to 
Lockhart, C. E. writing in Elec- 



Fig. 5—Cothode follawqr output dr* 
cults for (A) low iroquoncy. (B) copacl- 
live input. (C) inductivo input, and (D) 
resistive input 


ironic Engineering 15, 287; 15, 375, 
and 16, 21 (1942-1943). 


Cathode Follower of Very Low Output 

Resistance 


A POSITIVE SQUARE WAVE applied to 
the input of a conventional cathode 
follower has its leading edge well 
reproduced, but its trailing edge is 
badly distorted. A two-tube circuit 
that overcomes this fault has an 
output impedance of 80 ohms at 
frequencies up to 30 me and an 
output voltage that is higher than 
with a single-tube circuit 


Circuit Operofion 

To develop the two-tube circuit, 
consider a two-stage, resistance- 
coupled amplifier with 100-percent 
feedback from the second tube to 
the first as shown in Fig. lA. The 
cathode resistor JR* must be large 
not to unduly decrease the gain of 
the second stage. The cathode 
degeneration in the first stage is 


therefore large. If jR* is of the 
order of the plate resistance of the 
tubes employed in the circuit, one of 
the tubes could be substituted for 
Ru as at Fig. IB, which is the new 
circuit under discussion. 

The equivalent circuit for that of 
Fig. IB is shown in Fig. 2. Analysis 
of this circuit indicates that the 
ratio of output to input voltages is 
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FIG. 1—By r^orrctnging o two slogo lood- 
back ompUllor (A) tho plot# rosiotoaco ol 
tko locond tubo con tonro os tho cothodo 
rotifttor in tho itogo of tho lirot tubo (B) 


Eoai ^ -j" Ai (rp/R) _ 

Ein (m* “f M 4- 1) + (m + 2) (rp/R) 

m 

and the output conductance is 


Gout 


1 

Roixt 


M-f 1 

Tp + /? 


4 


(rp/R) 4 I 
rp 


When R is large compared to Vp the 
first term of the conductance equa¬ 
tion becomes negligible and the 
second term becomes approximately 
equal to the product of the amplifi¬ 
cation factor of the tube and the 
transconductance 


Gout ~ (/u* 4 M 4 !)/*> 

« tJL0m 


The value of output conductance 
represents an improvement over 
the conventional cathode follower 
by the factor /i. However, in driv¬ 
ing low load impedances from this 
circuit, the signal must be small 
enough not to overdrive the lower 
tube. 

Circuit Chorocterigtict 
The circuit with the values 
shown in Fig. IB was examined 
at various frequencies from 10 kc 
to 30 me. The output approached 
unity as the outputioad approached 
1,000 ohms. The output was essen¬ 
tially uniform to about 10 me, but 
fell above that frequency, falling 
faster with lower load resistances. 
A pronounced rise in output (an 



FIG. 2-~EqulTal#iil drcnlt el the low oab 
put tmpodemee cathode ibUowor 


actual voltage gain) was obtained 
with a capacitive load of 0.0001 fd 
at approximately 10 me. The rise 
occurred at lower frequencies as 
the capacitive load was increased. 
With 0.01 /if there was a slight rise 
at about 800 kc and practically no 
response at 1,000 kc. The fidelity 
of response to a pulse was definitely 
superior to that of a single-tube 
circuit and the effect on sine waves 
was also good. (Cathode Followei^ 
by Calvin M. Hammack, Report 469, 
Radiation Lab., MIT, Cambridge, 
Mass.) 


Bandwidth vs Noise in Communication 

Systems 

Reporting an IRE symposium on the reformulation of the Hartley Law. New theory 
places limit on the extent to which bandwidth can be traded for signal-to-noise ratio, 
shows extent to which a-m, f-m, ptm and pem make use of communication channel 


T he basic quesjiok in communi¬ 
cations is the relative value of 
various schemes of modulation, 
amplitude modulation, frequency 
modulation, pulse-time modulation 
and pulse-code modulation, to name 
but a few. New light on this ques¬ 
tion was shed at a symposium by 
the New York Section of the IRE. 
At this meeting, C. E. Shannon of 
the Bell Telephone Laboratories 


presented an extension of the theory 
of communication in the form of a 
general relation between the band¬ 
width used by a system, its ca¬ 
pacity to transmit information, 
and the signal-noise ratio pres¬ 
ent. Using this relationship, 
three other speakers (B. D. 
Loughlin of Hazeltine, A. 6. 
Clavier of Federal, and J. R. Pierce 
of BTL) drew conclusions concern¬ 


ing the relative efficiency of a-m, 
f-m, ptm and pem systems as car¬ 
riers of information. 

Influence of Noise 

The first statement of the new 
law to appear in print was published 
in an editorial^ in Electmkigb 
quoting W. G. Tuller. In essence, 
the new law is a reformulation of 
the Hartley law,* vdiich says that 
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the amount of information which 
can be transmitted in a given time 
is proportional to the bandwidth 
occupied by the communication 
channel. The revised law says that 
the amount of information which 
can be transmitted in a given time 
is also determined by the logarithm 
of the signal-noise ratio plus one. 

The original Hartley law, as 
applied to television, for example, 
states that a 525-line, 30-frame 
image, having equal vertical and 
horizontal resolution, must occupy 
a channel at least 4.5 me wide. The 
new law states that, if we are will¬ 
ing to increase the signal relative 
to the noise, at whatever cost, the 
bandwidth can be reduced below 4.5 
me, without reducing the total 
amount of pictorial information 
conveyed in a given time. 

This relation between bandwidth 
and noise is not a new subject. Prior 
to 1935, it was believed that the in¬ 
formation-carrying capacity of a 
circuit was dependent upon its 
bandwidth, and there the theory 
stopped. But in that year, before a 
technical world hardly ready to ac¬ 
cept the concept, E. H. Armstrong 
proved that the signal-noise ratio 
of a broadcasting station could be 
improved materially by assigning a 
wide band to it.* His method was 
frequency modulation, whereby a 
spectrum 150 kc wide was occupied 
by a broadcast station operating 
with a 15-kc modulating signal, or 
about 5.times as wide as would be 
required by a double-sideband am¬ 
plitude-modulation station. 

The effect can be expressed, in 
somewhat idealized form, as fol¬ 
lows: if the bandwidth utilized by 
an f-m station is doubled, other fac¬ 
tors remaining unchanged, an im¬ 
provement of 6 db in signal-noise 
ratio can be ideally achieved. Thus 
for each doubling of the bandwidth, 
6 db is added to the signal-noise 
ratio. 

The new law shows that this 
improved performance of an f-m 
system over an a-m one is still far 
from the ideal case. The ideal sys¬ 
tem, the best permissible under the 
new concept, is one in which the 
number of db improvement in sig¬ 


nal-noise (for high signal-noise 
ratios) is directly proportional to 
the bandwidth employed. In other 
words, the number of db improve¬ 
ment is multiplied (rather than 
added, as in the f-m case) when the 
bandwidth is increased. Thus in 
the ideal system, doubling a given 
bandwidth may add a 10 db im¬ 
provement in signal-noise ratio. If 
the band is then doubled again, the 
improvement is 10 times 10, or 100 
db, a vast improvement, relative to 
the additive system typified by f-m. 
It turns out that the pulse-code 
modulation system,* alone of the 
schemes now known, is a multipli¬ 
cative system. From a strictly 
theoretical point of view, pem is 
thus the preferable system to use, 
when economy in the use of the 
ether spectrum is the primary con¬ 
sideration. If other economic fac¬ 
tors (such as cost of equipment) 
are present, as they are in broad¬ 
casting, pem may lose its advan¬ 
tage. 

The new law (which has not yet 
received a name, but in which 
Tuller, Shannon, Sullivan and 
Wiener, of MIT, BTL, CalTech and 
MIT respectively, have had a hand) 
takes the following simple form 

r - Tflog, (1-f P/AT) (1 
Here C is the capacity of the chan¬ 
nel to carry information per unit 
time (strictly speaking, the num¬ 
ber of binary digits which can be 
transmitted in unit time), W is the 
bandwidth of the communication 
channel, and P/N is the signal-noise 
ratio in power units. The law states 
that if the capacity of the channel 
is to be increased, this may be done 


by increasing the bandwidth W, or 
equally well (cost not considered) 
by increasing the signal power rela¬ 
tive to the noise. Alternatively, if 
we are satisfied with a given capac¬ 
ity, we may trade off bandwidth for 
signal-noise ratio. We may reduce 
the bandwidth W, if we are willing 
and able to increase the signal-noise 
ratio (by adding transmitter power 
or reducing noise). Or we may in¬ 
crease the bandwidth, and thereby 
permit a reduction in transmitter 
power, or an increase in noise, with¬ 
out harm to the capacity (e.g. qual¬ 
ity of reproduction) of the circuit. 

All this trading is possible in an 
ideal system, of which Eq. 1 is de¬ 
scriptive. Nonideal systems exist, 
in which increasing the bandwidth 
may increase the noise, as in the 
nonlimited a-m system. But if the 
system is clever enough to take 
full advantage of the ideal law, 
then bandwidth and signal-noise 
may be traded as indicated in Eq. 1. 
Pem is one such clever system. 

Underlying Logic 

The proof of the law is not a 
simple matter, since it involves mul¬ 
tidimensional spaces not familiar to 
the communication engineer. But 
the thread of the argument may 
nevertheless be followed from the 
reasoning presented by Shannon, 
which is herewith reported as given 
at the IRE meeting. 

Figure 1 shows a typical commu¬ 
nication system in which the initial 
information, in the form of a mes¬ 
sage, is transformed, by a transmit¬ 
ter using some form of modulation, 
into a signal. While the signal is 
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in the communication channel, noise 
is imposed upon it Noise is defined 
as a statistical variation imposed 
on, but not correlated in any way 
with, the signal. The receiver trans¬ 
forms the signal-plus-noise back 
into a message which is perceived at 
the destination. 

We now assign a bandwidth W 
cps to the communication channel, 
and put the channel to use for a 
period of T seconds. We inquire into 
what sorts of signals may be han¬ 
dled within this bandwidth and 
within this time. While it is im¬ 
possible to construct exactly any 
signal function (except zero) which 
has no spectrum components outside 
the bandwidth W and no temporal 
existence outside the time T, some 
fair approximations may be so con¬ 
structed. 

A generalized example is shown 
in Fig. 2. Here we have a signal 
waveform plotted against time. 
Such a signal (of duration T sec¬ 
onds) may be passed through the 
system having W bandwidth, if its 
narrowest hump (half-wave com¬ 
ponent) is no narrower than 
1/(2W) seconds. Moreover, if we 
sample the amplitude at intervals 
of time equal to 1/(2W), the sam¬ 
ple amplitudes, taken throughout 
the duration of the signal, serve to 
specify the signal uniquely. Since 
we have taken T as the duration of 
the signal, it follows that there are 
T/(1/(21V)) = 2WT sample am¬ 
plitudes in the whole length of the 
signal function. 

To take a concrete example, if 
a video waveform depicts a tele¬ 
vision program for an hour (3,600 



FIG. 2—S&gnol waveform con be epeellied 
by sampbng the amplitude at regulorly 
•poced Interval! 


seconds) over a bandwith of 4,000,- 
000 cps, there are 2 x 3,600 X 4,- 
000,000 = 28.8 billion sample am¬ 
plitudes in the signal. If we knew 
all these sample amplitudes, we 
could reconstruct the program ex¬ 
actly, even though we did not have 
the actual video waveform for ref¬ 
erence. It thus takes 21VT different 
quantities to specify uniquely all the 
different types of signals which 
might be sent over a channel of 
bandwidth W cps during T seconds. 

Coordinates of Comn\unicafion 

Whenever such a large and gen¬ 
eral de.scription of a quantity is en¬ 
countered, it has proved most in¬ 
formative to adopt geometric meth¬ 
ods of thinking. So, (and here is a 
big step so far as engineers are 
concerned) each possible signal ca¬ 
pable of transmission through the 
system is imagined as a poivf in 
multidimensional space. Since a 
point is specified in space by its 
coordinates, and since the signal 
point (for the complete program) 
has 21VT different numbers re¬ 
quired to specify it, it follows that 
the appropriate apace has 2WT di¬ 
mensions. In the television case 
previously cited, the space has 28.8 
billion dimensions. 

While such a space cannot be 
visualized (any more than four-di¬ 
mensional space can be visualized), 
its properties may be deduced by 
the symbolized logic of mathema¬ 
tics, and examples may be visual¬ 
ized by reducing the problem to one, 
two, or three dimensions. For ex¬ 
ample, if we have a signal point in 
multidimensional space, it has the 
following coordinates: ar„ Xa, Xs . . 
. . . x,Hr and its average energy is 
proportional to the sum of the 
squares of its coordinates. This 
energy is proportional to the square 
of the distance of the signal point 
from the origin of the space, re¬ 
gardless of the number of dimen¬ 
sions we consider. So we have a 
convenient relation between the 
ordinates which describe the signal 
and the average energy of the 
signal. 

To take a three-dimensional case 
(a 3-cpfl channel in use for one 



FIG. 3—Rapraiantation of a signal by a 
point in a three<dimonsional signal spaco. 
The noise surrounds the signal point 


second, for example), consider Fig. 
.3. All the possible signals which 
may be transmitted are represented 
as points in three dimensional 
space. Surrounding each such pos¬ 
sible signal is a region of uncer¬ 
tainty (the boundary of which be¬ 
comes sharper as the number of di¬ 
mensions increases), which repre¬ 
sents the effects of noise. 

In other words, the noise adds to 
or subtracts from the ordinates 
specifying the signal point in a 
random way which makes it impos¬ 
sible to know exactly where the 
signal point is after the noise has 
been added in the transmission sys¬ 
tem. But, if we know the average 
value of the noise energy, which we 
recall is proportional to the square 
of a distance connecting points in 
the space, we know the radius of the 
roughly spherical region within 
which the signal point is located. 
The same concept applies in a space 
of any number of dimensions, even 
though the shapes may not be visu¬ 
alized. So we have a signal-space in¬ 
habited by points representing pos¬ 
sible signals, each point surrounded 
by a region of uncertainty which 
represents the random effects of 
noise. 

We now consider the message be¬ 
fore its translation into a signal. 
The message, for example, may be 
the audio waveform before applica¬ 
tion to a frequency-modulated 
transmitter, the f-m wave radiated 
being the corresponding signal. 
Each message has a spectrum of 
frequencies contained within a 
band W, cps (usually equal to or 
smaller than the channel bandwidth 
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(A) Slngle>iideband a>m in two dimensions, (B) Double-sidebond o-m irom one to two 
dimensions. (C) Filling In unused space in double-sideband case, by utilising a wide¬ 
band modulation system 


W), Moreover the messafre lasts a 
time r, seconds, which may be 
shorter or longer than the signal 
duration T. Acting on the same 
logic as in the signal space, we 
imagine a message space of 2WrT, 
dimensions. Each point in this 
space represents a possible message 
having the given message spectrum 
Wi and message duration In 
Fig. 4 we depict a two-dimen¬ 
sional space (a message having 
a 2-cps spectrum which lasts one 
second, for example). 

Moreover, we may imagine 
groups of messages which are indis¬ 
tinguishable from one another when 
perceived at the destination of the 
system. For example, we may shift 
the phase of the harmonic com¬ 
ponents of a speech waveform with¬ 
out changing the sound of the 
speech as perceived by the ear. If 
we represent all such indistinguish¬ 
able messages as points on an arc of 
a circle centered on the origin, we 
may specify all such messages by a 
single quantity, the radial distance 
from the origin to the arc, as shown 
in Fig, 4. In this case the message 
space is reduced to one effective 
dimension. 

Function of Modulation 

Having, by dint of some exercise 
of the imagination, dreamed up two 
spaces, one containing the message, 
the other the corresponding signal, 
we now inquire concerning the 
translation process from message 
to signal at the transmitter and vice 
versa at the receiver. This transla¬ 
tion, in geometric terms, is known 
as mapping the one space into the 



FIO. 4—^Roprotontotloii ol oqulTcdont moo- 
•agof as a polat la a two-dlmonslonol 

mossogo spoeo 


other. An example is given in F'ig. 
5A. If the transmitter employs 
single-sideband a-m, the mapping 
procedure is a one-to-one transla¬ 
tion, changing only the position on 
a frequency scale. If double-side¬ 
band a-m is used, two sidebands are 
produced for each modulating har¬ 
monic component, so a message 
space of N dimensions is thereby 
translated into a signal space of 2N 
dimensions. 

The simplest possible case is 
show in Fig. 6B. Here a message 
space of one dimension, the line 
shown, contains a message repre¬ 
sented by the point whose coordi¬ 
nate is X. When translated by a 
double sideband a-m system into a 
signal, the signal space becomes 
two dimensional, as shown, but, 
since the sidebands are symmet¬ 
rically disposed about the carrier, 
the same number describes each, 
and the corresponding signal point 
has coordinates x,x. Hence all sig¬ 
nals lie on the diagonal line shown. 
So all possible messages in double 
sideband a-m are translated from a 
line to a line. All the signal space 
outside the line is unused in the 
double-sideband a-m system. This 
is the reason why this system of 
modulation cannot make the fullest 
possible use of the channel band¬ 
width. 

In Fig. 6C, the wavy line repre¬ 
sents a translation (corresponding 
to that introduced by pulse-code 
modulation, for example), which 
makes fuller use of the signal space 
available, and hence is more efficient 
than a-m as a modulation system. 
Efficient modulation systems all 


operate in this manner, although 
the shapes cannot be visualized in 
the multidimensional case. 

In Fig. 5C, surrounding the mes¬ 
sage point is a circle representing 
the uncertainty introduced by noise. 
If the w'avy lines are placed too 
close, so that the noise circle over¬ 
laps two lines, then the effect of the 
noise is multiplied. This overlap¬ 
ping means that the wideband sys¬ 
tem, typified by the wavy line, has 
a threshold value of signal, below 
which the effect of noise becomes 
rapidly worse, more rapidly than in 
the simple a-m case. This effect has 
been observed in wideband f-m, pem 
and ptm systems. The theory shows 
that this is a general property of 
all wideband systems. 

System Copocity 

Finally, we come to the deriva¬ 
tion of the modified Hartley law, 
Eq. 1. Dr. Shannon illustrated 
the three-dimensional case shown 
in Fig. 6. The transmitter power is 
P watts, and the random noise 



FIG. 6—DeriTation of revised Horiley low 
is based on o spherical signal spoce, with 
radius squored proportionol to sum of sig¬ 
nal power plus noise power 
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(white noise) is N watts. The chan¬ 
nel has a bandwidth W cps; the 
signal duration is T seconds. At the 
receiver, after the signal and noise 
have become mixed, the signal space 
is represented as a sphere whose 
radius squared is proportional to 
(P N), To find out how many 
signal points may be distinguished 
within this space, we fill it with 
small spheres representing the 
noise, each of radius squared pro¬ 
portional to (N). The max¬ 
imum number of noise spheres 
which will fit into the multidimen¬ 
sional signal space is then the gen¬ 
eralized volume of the message 
space K\/P ^ divided by the 
generalized volume of the noise 
spheres We thus obtain 

the number of messages M which 
may be distinguished at the re¬ 
ceiver 

Kyp'+'N^ _ fp + ^T"’ 

“ Kyir-'^r L ^ J 
- (1 + ( 2 ) 
We can rewrite Eq. 2 in logarithm 
form, using for convenience the log 
to the base 2 

log, M ^ TW log, (1 + P/N) (3) 
Taking a cue from the pcm system, 
Dr. Shannon then introduced the 
binary digit system.^ If S binary 
digits are available, the number of 


messages that can be carried by 
these digits is M = 2 *, from which 
5 = logjlf. Then, Eq. 3 becomes 
!r?riog,(i-f/>/jV) C4) 

But S/T, the number of binary dig¬ 
its transmitted per second, is the 
capacity C of the channel to carry 
binary digits, so 

C-TT log* (1 +P/iV) (5) 

which is the law to be proved. 
Whew! While the law was proved 
for a system transmitting messages 
by the binary digit code, it can be 
shown to apply generally to all 
classes of systems. 

Dr. Shannon pointed out that, 
while bandwidth can be saved (in 
the ideal system which makes full 
use of the signal space) at the ex¬ 
pense of signal-noise ratio, the sav¬ 
ing is very expensive, because of the 
fact that the logarithm changes 
very slowly with changes in the 
power P. Thus it might be neces¬ 
sary, in a particular case, to in¬ 
crease the transmitter power two 
times to secure a 10 percent reduc¬ 
tion in bandwidth without harm to 
the signal. But, if one can afford 
it, one can do it. 

A final form of the equation 
which shows the multiplicative na¬ 
ture of the decibel improvement, 
previously mentioned, is 


C - /TTT 10 logio (1 -f P/JNT) »KWn (6) 
where n = 10 logw (1 + P/N) is the 
number of db expressing the signal- 
noise ratio plus 1, and fT is a pro¬ 
portionality constant. 

A lively discussion followed the 
meeting, participated in by Harold 
Wheeler, who stated his opinion 
that the number one should be elim¬ 
inated from the argument of the 
logarithm. W. G. Tuller, and Her¬ 
bert Sullivan also participated in 
the discussion. A summary of the 
analysis presented by A. G, Clavier, 
comparing the transmission efficien¬ 
cies of various modulation schemes,® 
showed that, for operation well 
above (60 db) the noise, the utili¬ 
zation efficiency of pcm is independ¬ 
ent of bandwidth, and that the only 
known system in which utilization 
efficiency increases with bandwidth 
is pulsed frequency modulation.— 
D.G.F. 
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Wideband Phase Shift Networks 

Design criteria are presented for L-C and R-C phase shifting networks that develop a 
constant phase difference over a wide frequency band. The technique is to introduce 
two phase shifts such that, although they vary with frequency, their difference does not 


* 

I T IS frequently desirable to de¬ 
rive from a given voltage two 
new voltages of the same frequency 
but with the phase angle between 
the new voltages held substantially 
constant over a wide frequency 
range, each derived voltage having 
an amplitude characteristic linearly 
variable with the amplitude of the 


By R. B. DOME 


input voltage independently of fre¬ 
quency. 

To produce the phase difference 
between the two voltages, two net¬ 
works whose phase angles increase 
substantially linearly with the lo¬ 
garithm of the frequent are used. 
Thus, if the two networks are prop¬ 
erly matched, the phase difference 


between them remains nearly con¬ 
stant over a wide range of fre¬ 
quency. 

Netwerh Pevele p aieet 

One way of producing the two 
voltages is to derive both of ihnn 
from a single source and arrange 
that the output of either ehannU is 
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Ar«qiMncy. PhoM tlillt •quatfon glTta lor notwork of Fig. lA bolds lor othor 

two Botworks 


independent of frequency, but that 
both have phase angles with re¬ 
spect to the input voltages varying 
in such a way that over a wide band 
of frequencies 

01 - « A (1) 

where 0 i : phase angle of out put No. 1 
0t • phase angle of output No. 2 
K : a constant 

01 and 0 t are each their own function 
of f, the frequency 

One possible configuration for 
these functions is 


0, as C 4- log/ { 2 ) 

01 - C -f log */ f 3 ) 

where C and k are constants 
Substituting Eq. 2 and 3 in £q. 1 


^ 


C + log/ - C - log *:/ 
log/ - log/ “ log k 
^\ogk=K 


(4) 


Thus it is only necessary to find 
a network configuration which will 
yield a phase angle which varies 
as the logarithm of the frequency 
over a wide range of frequency. 
The network most also have no 
change in output amplitude with 
frequency. The latter limitation 
usually restricts the final network 


configuration to lattice types be¬ 
cause finite ladder types with any 
phase shift must be accompanied 
by amplitude variations. In order 
to avoid the use of transformers in 
the lattice structure, a half-lattice 
will be chosen with the input termi¬ 
nals excited by two equal voltages 
180 degrees out of phase. Such volt¬ 
ages are readily available from 
vacuum tube phase inverters con¬ 
sisting of a tube with equal cathode 
and anode loads. 

L-C Lettice 

A circuit having enough inde¬ 
pendent parameters to permit the 
designer to shape the phase angle 
curve to the required logarithmic 
form and the basic design equa¬ 
tions of the circuit are shown in 
Fig. lA. It will be noted from the 
equation for the phase angle (Fig. 
lA) that an arbitrary factor a is 
inciud^. The choice of a is up to 
the designer. 

If a lies between 3 and 6, a fairly 
straight line for ^ is obtained 


when plotted against a logarithmic 
frequency scale. As will be shown 
later, if a second curve for a sec¬ 
ond similar network, but with a 
resonant frequency /o which is 4.53 
times the resonant frequency of the 
first curve, is plotted, the phase 
angle difference between these two 
curves is maintained within 90 ±4 
degrees over a fairly wide range of 
frequency if a = 4, and is quite 
satisfactory for voice frequencies 
because the upper to lower fre¬ 
quency ratio is approximately 28 
to 1, as for example would occur in 
a band from 130 to 3,600 cps. 

The band can be widened indefi¬ 
nitely by adding more elements to 
the bridge arms with the result 
that the frequency range is ex¬ 
panded more until remarkably good 
performance is obtained over the 
full audio range from 30 to 15,000 
cps. 

The use of inductances in filters 
is to be avoided if possible because 
of the inability to obtain a pure in¬ 
ductance; there are always the in¬ 
evitable series resistance and shunt 
capacitance. Other objections to 
the use of inductors are that they 
may pick up unwanted signals from 
stray magnetic fields and that they 
are not constant in inductance with 
applied voltage. As a consequence, 
a resistance-capacitance type of 
half-lattice network would be pre¬ 
ferable providing the required type 
of phase curve were obtainable 
from them. 


R-C Lotticg 


In order to provide a wide range 
of operation, two simple resistance- 
capacitance networks can be used 
in cascade with isolating tubes be¬ 
tween them as shown in Fig. IB. A 
single network has restricted band¬ 
width. No terminating resistor 
can be used in this type of network. 

The phase angle of the final out¬ 
put voltage can be adjusted ex¬ 
actly as in the L-C circuit of Fig. 
lA because the phase angle equa¬ 
tion is identical. The only limita¬ 
tion with this network is that s 
must be greater than 2, however as 
previously found, for best results s 
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Tcdile I—Determination of Network Parameters 


First Network 
/oi * 1488 cps 
s - 4.00 
a » 0.1666 
« 20,000 ohms 

r ^ 1 _ ^ 

‘ 2ir/o,/?, 2irl488 X 20000 

« 0.00r)35 

C, - a C, - 0.166 X 0.00.",35 
= 0.000802 m/ 

«= 0 :m X 0.00585 
0.001785 
ffi 20000 
^ ' ^ 0 166 
« 120,000 tilinis 

. ( .Lr;" ) 

- i' -Jjr} 

« 60,000 oh MIS 


Second Network 
/oa 329 cps 
s « 4.00 
a » 0.1666 
/?, « 20,000 ohms 

^ _L__ ^ _ f 

27r;i20 X 21)000 

-= 0 0212 Mf 

c., a c, ^ 0 166 X 0 0212 
-- 0 00108 m/ 

i-Tt) 

= 0 ;188 X 0 0212 
= 0.00806 m/ 

/,* JIl. ^ 

a 0.166 
- 120,000 ohms 

~ 60,000 ohms 


should be approximately 4, and 
hence lies well above 2. 

The number of stages included 
in cascade may, of course, be in¬ 
creased to any desired number. 
When six such stages are used, the 
frequency ratio for which a phase 
angle difference between two sets 
of networks can be maintained 
within 90 degrees ±3 degrees be¬ 
comes approximately 200 to 1, or 
what would cover an audio fre¬ 
quency band of 50 to 10,000 cps, 
which is adequate for high quality 
broadcast service. 

Another R-C network, which does 
not require an isolation tube, is 
shown in Fig. 1C. This network 
somewhat resembles the L-C net¬ 
work of Fig. lA but differs in out¬ 
put voltage. The output voltage is 
a proper fraction of the input volt¬ 
age. The factor a must be less 
than 0.25, or 8 must be greater 
than 2, when using this network. 
As previously pointed out, for best 
results 8 should be approximately 
4, or a = 0.167, which will yield 
an output voltage of about 0.83 
times the input voltage. 

The phase angle equation (Fig. 
lA) is seen to be identical to those 


for the previously described net¬ 
works. In order to find the proper 
values for /o in the two networks 
which are to yield a phase angle dif¬ 
ference of 90 degrees, assume a 
geometric mean frequency between 
the upper and lower frequency lim¬ 
its of usable phase angle difference. 
This mean frequency is not critical^ 
but a value of 700 cps has been sug¬ 
gested as a practical frequency 
(0. B. Hansen, Down to Earth on 
‘High Fidelity*, Radio Technical 
Planning Board, Report on Stand¬ 
ards and Frequency Allocations for 
Post-War FM Broadcasting, Panel 
5, June 1,1944, Section VIII). Hav¬ 
ing decided on the mean frequency 
of the system, it is merely neces¬ 
sary to design the two phase shift 
networks so that one has a phase 
angle of 180 — 45 degrees at 700 
cps, and the other a phase angle of 
180 -f 45 degrees at 706 cps. 

Satis lor Detleii 

Suppose the value for /o of the 
first network is to be determined, 
then, designating /• of the first net¬ 
work as /oi and letting / equal the 
mean frequency, designated as F, 


the phase angle equation (Fig. 1> 
becomes 


tan — 


2sFfoi (F» - /oi») 

"(P - V)* - («/oiF)* 


Setting <l> = 136 degrees and 8 = 4,. 
clearing fractions and solving for 
/oi gives /oi = 2.126F, which, for 
F = 700 cps, gives = 1,488 cps. 

By reciprocal relationships, the 
value of /»?, the A of the second net¬ 
work, is /oe = F/2.126; at F = 700 
cps, /o 2 = 329 cps. 

The parameters of the two net¬ 
works can now be calculated. For 
convenience and to establish values 
of impedance into which vacuum 
tubes can work satisfactorily, as¬ 
sume that Rx -- 20,000 ohms in each 
network. The calculations are sum¬ 
marized in Table I. 

The phase shift curves for these 
two networks are shown in Fig. 2. 
Note the long frequency range over 
which these curves are substan¬ 
tially parallel. The difference angle 
is plotted to facilitate comparison. 
Note that this difference angle 
holds fairly close to 90 degrees over 
a range of frequencies from 130 to 
3,600 cps. This range is quite ade¬ 
quate for a voice frequency chan¬ 
nel. 

Such a network can be used to 
build a simple single sideband 
transmitter without the necessity 
of using sharp cut-off filters and 
double or triple modulation. This 
simplification may be done by com¬ 
bining the outputs of two balanced 
modulators: one balanced modula¬ 
tor is fed with radio frequency cos 
a>t and audio frequency mcos 
(/it — (?), and the other balanced 
modulator is fed with radio fre¬ 
quency cos ((i)t :± w/2) and audio 
frequency mcos (fit — B ± «/2). If 
the plus signs are used and the bal¬ 
anced modulator outputs are added, 
the resultant output would be mcos 
[(o) — fi)t -I- 0], which is the 
lower sideband. 


Slagle SIdeboad Telepbeay 

An experimental system of this 
type has been constructed and op¬ 
erated using carrier frequencies in 
the broadcast band. No untoward 
difficulty was encountered and re- 
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suits were fully up to expectations. 
The transmitter was modulated 
with audio signals taken from the 
output of a broadcast receiver. The 
single sideband transmission was 
received by a second broadcast re¬ 
ceiver into whose input terminals 
was also fed an unmodulated con¬ 
tinuous wave radio frequency from 
a signal generator to furnish the 
missing carrier. The signal gener¬ 
ator frequency was adjusted until 
the reproduced program sounded 
most natural. No auxiliary filters 
were used in the radio section of 
the transmitter to aid in reducing 
the unwanted sideband. 

The question may arise as to how 
much of the unwanted sideband is 
permitted to get through the sys¬ 
tem if not exactly 90 degrees phase 
difference is obtained between the 
two audio channels. The ratio of 
the weaker sideband to the stronger 
sideband is given by the equation 

RATIO = Vr^-^ — 

If 1 -h coai 2 

where 8 is the deviation of the dif¬ 
ference phase angle from ic/2, with 
8 expressed in radians for the ap¬ 
proximate formula. A deviation 
from 90 degrees of 6 degrees is 
required before the weaker side¬ 
band becomes 5 percent as strong as 
the stronger sideband, so that the 
phase angle curve of Fig. 2 is 
probably commercially useful over 
a range in frequencies included be¬ 
tween 84 degrees on the low side of 
the center to 84 degrees on the high 
side of the center. 

A second application for the sys¬ 
tem is that of providing a closer-to- 
zero frequency single sideband tele¬ 
phone or broadcast transmission 
when filters are used. For example, 
a single sideband transmitter may 
be constructed along conventional 
lines with a quartz crystal type of 
band-pass filter to operate on 100 kc. 
Suppose the pass band extends 
from 100»600 to 108,000 cps. It is 
seen that frequencies below 600 
cps are attenuated in such a sys¬ 
tem. Now if the single sideband 
system described in the present 
paper were to be used in conjunc¬ 
tion with a filter, the filter could 
transmit from 100,000 to 108,000 
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cps, and the region between 27 and 
600 cps could be taken care of by 
the audio phase shift system, let¬ 
ting the filter remove the unde¬ 
sired sideband from 99,400 down 
to 92,000 cps. Thus the resultant 
radiation could contain single side¬ 
band components corresponding to 
an audio frequency range of 27 to 
8,000 cps instead of being limited 
to a range of 600 to 8,000 cps. The 
addition of the 27 to 600-cps range 
will add considerably to the natur¬ 
alness of male speech and organ 
music. Frequencies between 0 and 
27 cps should be removed from the 
original audio being fed into the 
system. 

High Efficiency Transmitter 

A high efficiency broadcast trans¬ 
mitter can be constructed by 
employing three power amplifiers 
and three antennas arranged so 
that an unmodulated carrier is 
radiated on a central antenna and 
the upper and lower sidebands are 
radiated respectively on two side 
antennas, which are on a straight 
line through the central antenna 
but on opposite sides equidistant 
from it. The sidebands are gener¬ 
ated in much the same manner as 
described in the preceding section. 
Only one set of audio phase-shift 
filters are required, for the upper 
and lower sidebands can be ob¬ 
tained by simply adjusting the 
phases of the radio frequencies fed 


into the two sets of balance modu¬ 
lators. 

This system of transmission 
could be accomplished with the fol¬ 
lowing installed relative power 
capacity 


Carrier 

1.00 

Upper Sideband 

0.25 

Lower Sideband 

0.25 

Total 

1.60 


When modulating 100 percent, this 
system will have an overall effi¬ 
ciency of about 66 percent, result¬ 
ing in a d-c power consumption of 
2.25 maximum. This consumption 
graduates down to 1.5 for zero 
modulation. For an average modu¬ 
lation of 50 percent the power 
consumption would thus be about 
1.875. 

The conventional double sideband 
plus carrier class-B amplifier must 
have an installed power capacity 
of 4.0 for handling the peaks of 100 
percent positive modulation and the 
transmitter runs at 33 percent 
efficiency, requiring a continuous 
input power of 3.0 from the d-c 
supply. Thus the saving in d-c 
power consumption would be about 
1,125 based on the carrier rating, 
or for a 50-kw transmitter, the 
saving would amount to 56.25 kw. 
Besides the savings in power costs, 
the system would have lower first 
costs in the water cooling system, 
power rectifiers and transformers, 
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and in high power vacuum tubes. 
The replacement tube cost also 
would be less. 

In the operation of emergency 
communications transmitters it is 
often desirable to change the ra¬ 
diated carrier frequency a few hun¬ 
dred or a few thousand cycles to 
avoid either intentional or acci¬ 
dental jamming, yet it is also 
desirable to retain the benefits of 
precise frequency control such as 
is provided by a quartz crystal. One 
solution is to have available a large 
number of crystals lying on closely 
adjacent frequencies selectable by 
a rotary switch. Another scheme 
might be to adjust the air gap or 
shunt capacitance across the crys¬ 
tal. All of these methods have their 
objectionable features. 

Adiatfable Carrier Fraqaaacy 

An alternative arrangement is to 
make use of the single sideband 
generator already described. By 
way of example, suppose the as¬ 
signed frequency of a transmitter 
were 4,500 kc. One could then use 
a crystal oscillator on 4,498 kc in 
conjunction with the balanced 
modulator and a 2-kc variable fre¬ 


quency oscillator to produce the 
required 4,600-kc carrier. The os¬ 
cillator could then be adjusted to 
other nearby frequencies to avoid 
jamming, by having it cover a 
range of roughly 0 to 4 kc and thus 
be able to change the radiated fre¬ 
quency plus or minus 2 kc about 
the assigned frequency. 

The frequency stability of the 
system would be quite similar to 
the master quartz frequency stabil¬ 
ity and hence could be classified as 
precise. Wider ranges of control 
could of course be obtained by util¬ 
izing submultiple crystal frequen¬ 
cies or wider osciUator range, 
within the limits of stability of the 
final frequency. 

PreqMMcy Skiff Keying 

A transmitter equipped as above 
could be easily converted into a 
telegraph transmitter with precise 
frequency shift keying. By way 
of example, suppose the 4,500-kc 
transmitter were required to radi¬ 
ate 4,499.9 kc with the key down 
and 4,500 kc with the key up. All 
that would be necessary would be 
to shift the low frequency oscillator 
from 2.0 kc to 1.9 kc. This shift 


could be accomplished by keying 
in a shunt capacitance, and the re¬ 
sulting frequencies would be both 
precise and stable, maintaining the 
0.1-kc difference quite accurately 
over long periods of operation. 

Ofker AppIleatioM 

The two 90 degree phase angle 
displaced voltages can be fed into 
the X and Y deflection plates of an 
electrostatic deflection type of 
cathode-ray tube to obtain a circu¬ 
lar trace. The pattern will remain 
circular for wide changes in fre¬ 
quency if one of these phase-shift 
networks is used. The circular pat¬ 
tern is a useful indication of the 
closeness to 90 degrees of the phase 
shift obtained from these circuits 
and can be used to determine their 
performance. 

By employing the 90 degree 
phase angle displaced voltages and 
a reversed Scott connected trans¬ 
former, three phase power can be 
developed from a single phase 
source. Such a circuit could be 
used to control the speed of a three 
phase synchronous motor. Varying 
the frequency of the ori^nal 
source would vary the motor speed. 


Stabilized Negative Impedances 

Negative impedance is produced from a positive impedance of the desired type by posi¬ 
tive feedback through an amplifier stabilized with negative feedback. Basic circuits and 
fundamental equations indicate the regions and limits of stability for ideal conditions 


I nverse feedback is one of the 
most important developments 
ih communication-network tech¬ 
nique since the invention of the 
vacuum tube. Evolution of this 
principle can be traced along sev¬ 
eral independent courses two of 
which form the basis for this three- 
part article. 

One of these courses culminated 
in Black’s^ disclosure in 1984 of 
negative feedback by means of 


By E. L. BINZTON 

which amplifiers can be stabilized 
and improved in many ways. A 
somewhat earlier contribution was 
made by Aiken*, and Crisson* who 
discovered that by an appropriate 
application of positive feedback a 
two-terminal negative impedance 
could be obtained. 

By combining the stabilizing fea¬ 
ture described by Black and the 
negative-impedance concept intro¬ 
duced by Crisson and Aiken, it is 


possible to obtain a negative im¬ 
pedance that can be used as a stable 
circuit element. Thus by adding 
negative resistance, negative ca¬ 
pacitance, and negative inductance 
to the list of positive impedances, 
the engineer now has at his dis¬ 
posal six elements for design in¬ 
stead of the usual three, making 
possible not only an improvement 
in some of the present drcuit ap¬ 
plications, but also opening an en- 
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tirely unknown field of design. 

The first two parts of this ar¬ 
ticle show how stabilized circuit 
elements can be obtained and in¬ 
vestigate their stability and reli¬ 
ability. A few practical applica¬ 
tions are described in the final part 
—^not to give an air of complete¬ 
ness, but merely to illustrate some 
of the ways in which the negative 
circuit elements can be used. 

A positive resistance R is defined 
by Ohm’s law as the constant of 
proportionality between the volt¬ 
age across and the current fiowing 
through that resistance. That is, 
R = E/I where E and 1 are voltage 
and current, respectively. Accord¬ 
ing to Joule’s law, power will be 
dissipated in resistance R at rate P 
where P = PR, 

Notare of Nogotlvo Rotitfonco 

From these two laws a definition 
of negative resistance may be 
formed. If R is replaced by —it 
will be seen that Ohm’s law will 
still hold, for voltage and current 
will still be proportional to each 
other. Joule’s law will state, how¬ 
ever, that instead of dissipating 
power, the negative resistance will 
generate power, introducing it into 
the circuit at the rate PRn- 

Obviously, if any device is to 
show a negative-resistance charac¬ 
teristic, it must contain a source of 
power, such as a battery, and a 
means of controlling that power 
source so that Ohm’s law will be 
followed. Since, in any practical 
case a source of power is limited, 
the negative-resistance characteris¬ 
tic will be shown by the device only 
over a limited range of voltage or 
current. 

Negative Reactoeeet 

The definition of negative induc¬ 
tance and negative capacitance may 
be formed analogously. The reac¬ 
tance of inductance Xt, is defined by 
an extension of Ohm’s law to alter¬ 
nating currents. Thus Xt. = EJI 
= ji^L where Et is the voltage 
across the inductance, I is the 
current through the inductance, 
and L is the inductance in henrya* 


As is shown by this relation, a posi¬ 
tive inductance is one whose re¬ 
actance increases with frequency. 

If L is replaced by —Ln, the im¬ 
pedance is ioLn/j, This equation 
may be used as a definition of a 
negative inductance. Thus, it is 
seen that a negative inductance is 
equivalent to a capacitive reactance 
whose magnitude increases with 
frequency. 

A negative capacitance may be 
defined in the same way. It will be 
found that a negative capacitance 
is equivalent to an inductance 
whose reactance decreases with 
frequency. 

In passing, it should be noted 
that positive and negative induc¬ 
tances and positive and negative 
capacitances can store energy 
equally well. But in the case of the 
negative impedances, the amount 
of energy that can be stored is lim¬ 
ited by the amount of voltage or 
current that the negative-imped¬ 
ance-producing element can supply. 

Because amplifiers will be used 
to produce the negative impedances 
it will be necessary to consider 
their limits of linearity and power 
handling capacity. This considera¬ 
tion will be taken up in Part II; 
for the present we will assume that 
an amplifier which is linear within 
the range of operation required for 
the production of the required 
negative impedances can be built. 


Nagofive Ratitfaiica Sovreat 

There are many sources of neg¬ 
ative resistances known at present. 
Some of them occur in natural phe¬ 
nomena such as in gaseous dis¬ 
charges, others are produced by ar¬ 
tificial means such as a source of 
energy and a control device ar¬ 
ranged to maintain current and 
voltage in their required ratio. 

An example of the latter is a 
direct-current series generator 
which shows a negative-resistance 
characteristic because current flow¬ 
ing through the generator excites 
its field and the generator produces 
a voltage which tends to increase 
the current. 

Sources of negative resistance 


which are useful in communication 
circuits were described by Herold' 
and others. Some of these are: Arc 
discharge, the dynatron, retarding- 
field type of negative resistance®, a 
space-charge grid tube which op¬ 
erates with a temperature-limited 
cathode, the split anode magnetron, 
and a low gas-pressure triode. 

None of these methods of ob¬ 
taining negative resistances are 
capable of producing pure negative 
reactances. Moreover, examination 
of the various methods reveals that 
in most cases the resistance is not 
linear, but depends greatly upon 
the magnitude of the applied volt¬ 
age or current. 

A different method of obtaining 
negative circuit elements has been 
suggested by Crisson, Dudley, and 
Mathes by means of which it is 
possible to obtain linear negative 
resistances of any value whatever 
and also pure negative reactances. 
The following section will discuss 
the methods suggested by Crisson.® 

There are two ways in which it 
is possible to obtain negative im¬ 
pedance provided a positive of this 
impedance can be constructed in 
the form of a two-terminal net¬ 
work. The two methods can be used 
to produce the same impedance, but 
it will be found that only one of 
them can be used in any particular 
application. This consideration will 
be discussed in greater detail later. 

First, equations will be deter¬ 
mined for the input impedances of 
the two circuits which have been 
found to give negative impedances. 
This analysis will indicate the 
range and limiting factors of the 
negative impedances so produced. 

Shvaf Negative Impedaaee 

Consider the amplifier shown in 
Fig. 1. The square labelled A repre¬ 
sents an ideal amplifier with a volt¬ 
age amplification A and an output 
resistance Ri, (Output impedance 
Ri in this paper will mean the im¬ 
pedance looking into the output 
terminals of the aniplifier. It is not 
necessarily equal to the physical 
output impedance of the amplifier 
because it tnav be affected by the 



ISO 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 



FIG, 1—Circuit for producing ihunt noga- 
tiTO impodance acroii iti input torminali 


presence of negative feedback in 
the amplifier.) 

By an ideal amplifier is meant 
an amplifier which has a uniform 
frequency response from zero to 
infinity cycles per second, infinite 
power handling ability, zero phase 
shift for all frequencies, and an 
output resistance Ri which is inde¬ 
pendent of frequency. 


Let 

e »» voltage applied to the amplifier 
e* » voltage at the input terminala of^the 
amplifier (see Fig. 1) 

Zt » any p^itive impedance, the negative 
of which it is desired to obtain 
R%^ h resistance placed as shown in Fig. 1 
i » current taken from the source of 
voltage e 


The circuit shown in Fig. 1 may 
be rearranged by means of The- 
v4nin’s theorem. If this is done, 
the output of the amplifier as shown 
in Fig. 1 may be replaced by the 
equivalent voltage e'A in series 
with the output resistance With 
this transposition in mind, the fol¬ 
lowing relations can be written. 
The net voltage acting across the 
output impedance Rx and impedance 
Zm is (e' — c'il), according to the 
convention of polarities of voltages 
indicated in Fig. 1 by means of ar¬ 
rows. Hence, the current that flows 
through Rx and Z« in series is 


Zt + Ri -f Ri 

Solving for e'/i 


( 1 ) 


Zt . Ri 

i "" 1 - - A 


( 2 ) 


This ratio represents an imped¬ 
ance at the amplifier terminals 
where e' is measured. The imped¬ 
ance offered to the source of volt¬ 
age e must be the sum of Rt and 


this apparent amplifier input im¬ 
pedance. Defining the impedance 
offered to the source e by the en¬ 
tire circuit as Z, 

Zn c/i ■■ /2i 4“ 

(8) 

If R, is adjusted so that Rt =: 
R,/(A - 1), then R. -h Rx/(1 - 
A) = 0, and therefore Eq. (8) be¬ 
comes 

Zn - Zt/ll - A) (4) 

If the amplificatipn A is positive 
and greater than unity, then the 
input impedance of the circuit of 
Fig. 1 is negative and determined 
in character only by the nature of 
Z«. Grisson attributes this type of 
a negative impedance to Dudley 
and for reasons which will be ex¬ 
plained later calls this type of neg¬ 
ative impedance the shunt negor 
tive impedance. 

Series Negative Impedence 

The second method of obtaining 
negative impedance is illustrated 
in Fig, 2. In this case Zi is the pos¬ 
itive impedance the negative of 
which is the desired result. R% is a 
resistance whose function is simi¬ 
lar to that of Rg in the previous 
case. 

If 6 is the voltage applied at the 
terminals of the circuit as is shown 
in Fig. 2, then a current t will flow 
through the circuit. The following 


equation can be written. 

<(i2b + Z,)A (5) 

From which 

Z« * («/t) • Z» (1 — A) •+• 

R^ (1 - A) + Ri (0) 

If J?, is adjusted so that Rx z:z R, 
(A - 1), then Rx -f ACl — A) = 
0, and therefore 

Zn - z* (1 - A) (7) 


If A is positive and greater than 
unity, the input impedance of the 
circuit is negative and determined 
in character only by the nature of 
Z«. This type of a negative imped¬ 
ance is called a series negative imr 
pedance. Grisson attributes its dis¬ 
covery to Mathea. 

From the preceding discussion it 


is evident that by means of appli¬ 
cation of positive feedback in an 
ideal amplifier it is possible to ob¬ 
tain negative impedances without 
depending upon natural phenome¬ 
non such as gas discharge or sec¬ 
ondary emission, or upon a device 
which may be inherently non¬ 
linear. 

Rvllobtllty 

The elementary picture given 
above is not sufficient for a prac¬ 
tical application of negative imped¬ 
ances. One can readily observe that 
both of these circuits are essen¬ 
tially members of the same family 
and involve positive feedback, and 
one would be rightly justified in 
raising the question of stability 
and how the deviations from the as¬ 
sumed ideal amplifier will affect its 
performance. These questions will 
be discussed later where it will be 
shown that negative circuit ele¬ 
ments can be made to possess ex¬ 
traordinary stability, and that the 
deviations of an actual ampillier 
from the ideal modify the results 
only in special regions. 

In addition to the positive feed¬ 
back that is obviously necessary to 
obtain the negative impedances, 
the amplifiers themselves can be 
stabilized with negative feedback. 
It will be shown that simultaneous 
application of positive and negative 
feedback in an amplifier may be 
made use of to produce negative 
impedances which are just as sta¬ 
ble and reliable as ordinary com¬ 
mercially available circuit elements. 
Nor in this simultaneous applica¬ 
tion of positive and negative feed¬ 
back does the effect of one cancel 
the effect of the other. Amplifier 
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FIG. 3—Gain of omplifior dotorminof magnitudo and sign FIG. 4—A wido rango of nogallTo iMlstancot con bo pro- 

of nogotlTo rooiotanco producod ocrou lit Input although ducod by cholco of omplificatlon ond of otthor ihunt or sorloi 

o singlo posltlTo roolotonco U uood dreuiti 


gain does, however, play a major 
part in determining the magnitude 
and stability of negative imped¬ 
ance. The effect is different for 
negative impedances produced by 
the two methods, as the following 
considerations will show. 

Amplifior Goln In Slivnf Circnifo 

If the amplification in Fig. 1 is 
zero, the input impedance offered 
to the source of a voltage e is the 
sum (/?B + 4* Ri), and the cur¬ 

rent flows from the source of volt¬ 
age, being entirely determined by 
this sum. If A is increased posi¬ 
tively from zero towards infinity, 
the current will decrease and when 
A is of such a magnitude that the 
output voltage of the amplifier just 
equals e, the current must be zero 
and therefore the input impedance 
Zn must be infinite. This is also 
observed from Eq. (3) and (4), 
because when A = 1, Zn becomes 
infinite. 

If A becomes greater than unity, 
the current reverses and flows into 
the source of voltage e and the cir¬ 
cuit exhibits negative impedance 
characteristics. When A reaches a 
value so that the resultant current 
flowing into the voltage source e 
supplies all the losses in its path, 
oscillations will result. 

An example of this kind of a neg¬ 


ative impedance is illustrated in 
Fig. 3, where Z# was chosen to be 
a pure resistance so that the input 
impedance of the amplifier is a 
pure negative resistance. The 
shaded region indicates the values 
of A for which the amplifier is un¬ 
stable and in which case current is 
limited only by the power handling 
ability of the amplifier. It is seen 
from Fig. 3 that the negative re¬ 
sistance supplied by the amplifier 
in the stable region is greater in 
magnitude than the resistance R in 
parallel with which it is connected, 
and approaches an open circuit. 

It should be observed at this 
point that a combination of a posi¬ 
tive resistance in parallel with a 
larger negative resistance results 
in a positive resistance, although 
the series combination of the same 
two resistances will result in a neg¬ 
ative resistance. 

From interpretation of the per¬ 
formance of the circuit it was 
found that the arrangement of Fig. 
3 is stable as long as the negative 
resistance supplied by the amplifier 
is greater than the positive resis¬ 
tance across which it is connected, 
i.e., in the region where the parallel 
combination of the two is positive. 
Because of this phenomenon, the 
type of the negative impedance sup¬ 
plied by the arrangements shown in 


Figs. 1 and 3 is called a shunt neg¬ 
ative impedance. 

Amplifier Goin is Series Circuits 

The situation in the case of Fig. 
2 will be found to be different. If 
the amplification is zero, then the 
input impedance of the amplifier 
consists of the sum (Ru + Z, + Ri), 
As A is increased from zero to 
unity, the voltage developed across 
the output terminals of the ampli¬ 
fier will be of such a direction that 
it will aid the applied voltage and 
the current will increase. When 
A — 1, the input voltage just equals 
the output voltage, and the voltage 
drop across the entire arrangement 
will be zero, which corresponds to 
zero input impedance. The current 
at this point will be limited entirely 
by the internal impedance of the 
source of voltage e. 

If A is larger than 1, there will 
be a negative drop across the ampli¬ 
fier and its input impedance will be 
negative as defined by Eq. (6) and 
(7). If A is increased to the point 
where the current is so large that 
it supplies all the losses in its path, 
instability will be reached. As is 
shown in the special case illustrated 
in Fig. 4, the current for a constant 
voltage will continuously increase, 
from a value determined by (ft 4- 





1S2 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 



FIG. 5— Rtatanq^mmnX of Fig. 1 and 2 
•hews thot both shunt and sortos nogotiTO 
tanpodanco ors obtoinsd from ths soms 
bcttic circuit (a) corresponds to Fig. L 
(b) to Fig. 2 

R, -f Zr^) when A = 0 to infinity 
when all the losses are supplied by 
the amplifier. 

As is clearly evident from these 
considerations and Fig. 4, the nega¬ 
tive impedance will be stable and 
finite as long as its value is smaller 
in magnitude than the impedance 
in series with which it is connected. 
Thus, in the stable region of oper¬ 
ation, the series combination of 
positive and negative impedance is 
positive, and for this reason, this 
type of a negative impedance is 
called a series negative impedance. 

Nopoflvo-linpocloiieo Llmltf 

From this discussion it is evi¬ 
dent that across a given positive 
resistance any value of negative 
resistance may be placed, from zero 
to infinity, and providing the nega¬ 
tive resistance is of the right kind 
('shunt or spries), a stable result 
will be obtained. It is plain that 
the ordinary concept of resistance 
is incomplete; a prediction regard¬ 
ing the behavior of the combination 
of positive and negative imped¬ 
ances cannot be made without com¬ 
plete information regarding the 
method used to supply the negative 
element. A more complete, but not 
any more rigorous, discussion will 
be found in the literature.®* * 


In Fig. 1 and 2 resistances and 
R:: are not essential parts of the 
negative impedances and Eq. (8) 
and (6) show that negative imped¬ 
ances will result whether these two 
resistances are present or not. How¬ 
ever, due to the finite magnitude 
of the output impedance of the am¬ 
plifier the negative impedance ob¬ 
tained by means of the amplifier 
alone will contain a term which is 
due to the output impedance of the 
amplifier. By placing proper posi¬ 
tive resistances in series with the 
negative impedance the resistive 
component of this term will be can¬ 
celled and a pure negative imped¬ 
ance can be obtained. In the case 
of an ideal amplifier this cancella¬ 
tion can always be done; in the 
discussion which follows, it will be 
invariably assumed to have been 
done. Errors due to this assump¬ 
tion in the case of an actual ampli¬ 
fier will be discussed and analysed 
in Part II. 


Stability 

Before launching into the discus¬ 
sion itself, the particular sense in 
which the terms are used will be 
defined. 

Conventional technical terminol¬ 
ogy is often confusing, the word 
stability having more than one 
meaning. In this paper there are 
discussed two kinds of stability and, 
although somewhat related, their 
meanings are different. 

Operation of an amplifier is gen¬ 
erally termed stable if introduc¬ 
tion of an infinitesimal voltage any¬ 
where in the amplifier will result 
in a transient which will decrease 
with time. If, on the other hand, 
the introduction of such voltage 
will produce currents which will in¬ 
crease indefinitely with time (or 
until limited by saturation of some 
element), operation of the amplifier 
is said to be unstable but in this 
paper such a result will be termed 
oscillation. 

The second type of stability will 
be defined by the word stability 
itself, and will refer to the amount 
that the negative impedance can 
change due to a small variation^ in 
amplification of the amplifier, as 


for example by power supply volt¬ 
age variation. 


Conditiont for Otelllofion 

Because positive feedback around 
an amplifier is used to produce ne¬ 
gative impedance, it is to be ex¬ 
pected that oscillation will occur 
for some conditions; in fact the 
previous qualitative examination of 
the effect of amplifier gain indi¬ 
cated, that for large amplification, 
oscillation does take place; there¬ 
fore a more rigorous analysis of 
the conditions for oscillation will 
be made. 

Figures 5(a) and 6(b) are rear¬ 
ranged forms of schematic circuits 
shown in Fig. 1 and 2 in which Zo 
is the internal impedance of the 
source e. From these it is seen that 
the actual circuits which develop 
negative impedances are identical 
in character, the difference being 
merely in the two points across 
which the desired negative imped¬ 
ance is developed. 

On the basis of the criterion 
given by Nyquisf the possibility of 
oscillation may be determined by 
considering the circuits as positive- 
feedback circuits in which the im¬ 
pedance Zo is the impedance which 
is actually used across the termi¬ 
nals of the negative impedance. In 
general, it is impossible to predict 
whether oscillation will or will not 
occur except by applying Nyquist’s 
criterion. In simple cases, however, 
it is possible to examine the cir¬ 
cuits in the following manner. 

The oscillations cannot occur un¬ 
less there is a value of the positive 
feedback factor ol 4 equal to or 
greater than unity, where A is the 
amplification parameter of the am¬ 
plifier and a is the fraction of the 
output voltage of the amplifier that 
appears across its input. In the 
case of shunt negative impedance, 
a is defined as follows 


Ri 4- Zq 
Zo -f- ■Rj 4* Zj 


( 8 ) 


And in the case of series negative 
impedance 


Rj 4“ Zi 
Z| 4- Ri 4- Z| 


( 0 ) 
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FIG. 6—Oscillations can not occur unless 
point (1. 0) oi the Nyquist diagram is en¬ 
closed by the ieedback-factor curye 


The positive-feedback factor aA 
is a complex number and is a func¬ 
tion of frequency in a way which is 
determined by the type of amplifier 
used and the character of the feed¬ 
back network. It can be divided 
into a real and an imaginary part 
aA 4- ys. 

A not sufficient but a necessary 
condition for oscillation is that 
5 = 0. There may be several fre¬ 
quencies at which this condition is 
satisfied, say, at A, A, A, . . . A- If 
the real part of aA at any one of 
these frequencies exceeds unity, 
then oscillations will exist. Hence, 
the condition for oscillation may be 
stated as 

P (fit ht /a . . . A) ? I 

The one possible but unusual and 
seldom met exception to this rule 
may occur as is shown in Fig. 6 
where, according to Nyquist's cri¬ 
terion, oscillations cannot occur. 
On the other hand, if the smallest 
value of p(/„ A, A . .. A) is greater 
than unity, then re-entrant curves 
around the point (p = 1, S = 0) are 
impossible and oscillations will 
necessarily exist. This is by far the 
most usual case. 

If, for instance, the source im¬ 
pedance Zo is zero in the case of the 
series negative impedance, then ac¬ 
cording to Eq (9) a = 1 and aA = 
1. In the ideal amplifier (or in a 
practical one at the point where the 
phase shift is zero) A is a real con¬ 
stant so that 8 = 0. If A is greater 
than unity, then oscillations must 


occur. In the case of a shunt nega¬ 
tive impedance, if the source im¬ 
pedance Zo is made infinite, then 
aA = 1 and oscillations must occur. 
This is seen to be in agreement 
with the physical interpretation of 
the negative impedance previously 
described. 

Stablliiofion of Negofiva linpadARcaf 

Behavior of the negative im¬ 
pedance obtained in the manner il¬ 
lustrated in Fig. 1 and 2 depends 
only upon two factors, namely, the 
amplifier and the positive imped¬ 
ance. The positive impedances Z* 
and Z, are ordinary impedances con¬ 
structed from resistors, inductors, 
and capacitors. The resultant neg¬ 
ative impedance will obviously pos¬ 
sess all the characteristics of these 
elements such as impedance change 
with temperature or with the 
amount of current or voltage ap¬ 
plied to them. But in addition to 
these, the negative impedance is 
also dependent upon the gain of the 
amplifier used to supply that nega¬ 
tive impedance. 

In ordinary amplifiers the ampli¬ 
fication often changes because of 
voltage fluctuations of the power 
supplies. Slow changes in tube 
characteristics and aging of the 
components of the amplifier also 
produce slow variations in the gain 
of the amplifier, and these, of 
course, will change the magnitude 
of the negative impedances. How¬ 
ever, all of these factors may be 
greatly reduced by sufficient nega¬ 
tive feedback within the amplifier 
itself. As will be shown later, the 
characteristics of the negative im¬ 
pedance can be easily made depend¬ 
ent, not upon the properties of the 
amplifier that supplies it, but upon 
the variations of the positive im¬ 
pedances Zs and Z, in the way men¬ 
tioned previously. 

The stabilization of the ampli¬ 
fier that supplies the negative im¬ 
pedances is well known and does 
not need to be fully described 
here."' •• ••" Important properties 
of stabilized amplifiers of particu¬ 
lar interest in connection with the 
negative impedances will be taken 
up in Part II. Simplified diagrams 


of possible ways in which feedback 
can be applied to amplifiers supply¬ 
ing negative impedances are shown 
in Fig. 7(a) and 7(b). 

Effect of Negative Feedboek 

The amplifier shown in both 
cases is a two-stage amplifier with 
all sources of power and filter net¬ 
work omitted for the sake of sim¬ 
plicity. A two-stage amplifier is 
necessary because the output and 
the input must be of the same rela¬ 
tive polarity. A fraction p where 
p = Efl/(Ee -f Rt) of the output 
voltage of the amplifier is returned 
to its input in such a manner that 
negative feedback is developed in 
the amplifier and its gain is stab¬ 
ilized by the factor Ap, where A is 
the amplification of the amplifier 
with all feedback networks omitted. 
Except for the introduction of neg¬ 
ative feedback, these circuits will 
be found to be the same as the sche¬ 
matic representations shown in 
Fig. 1 and 2. 

The negative impedance devel¬ 
oped by the amplifiers shown in 
Fig. 7 may be found in the same 
manner as in Eq. (4) and (7) if 

A amplifioatioD of the amplifier without 
negative feedback 

» fraction of the output voltage re¬ 
turned to the input of the amplifier 
as negative feedback 
G ^ gain with negative feedback 


G « A/(l - (10) 

and Rs and so adjusted that 

7^5 - UiKQ - 1) (11) 

Ri « Ri/(G - 1) (12) 

then, the shunt negative impedance 
will be given by 

Zn - z,/(l - Q) (13) 

and the series negative impedance 
by 

Zh - Z, (1 ~ 0) (14) 


In the materia] that is to follow, 
it will be assumed that i?. and As 
are so adjusted that Eq. (11) and 
(12) hold and Eq. (13) and (14) 
will be used with this implication 
in mind. For the sake of simplicity, 
all diagrams shown from^this point 
on will not show resistances R^ and 
JSr, although their presence is im- 
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FIG. 7—^F««diback to •tobiliio ompliilors usod to produco nogotlTO Impodonco 
if produeod by Hq ond A? ot (a) lor shunt and at (b) for soriof nogotWo 
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plied in all cases where a pure neg¬ 
ative impedance is desired. 

Sfobility of Nogotivo Impodoncos 

At first sight it may be thought 
that simultaneous application of 
positive and negative feedback in 
the same amplifier will simply pro¬ 
duce cancellation, and if equal feed¬ 
back factors are iised the result 
would be the same as if no feed¬ 
back were used at all. However, 
this is not so, as will become appar¬ 
ent as the discussion progresses. 

As was seen in the above deriva¬ 
tions and discussions, circuits 
shown in Fig. 1 and 2 produce nega¬ 
tive impedances. By application of 
negative feedback internally to the 
amplifier its gain may be stabilized 
in the conventional manner. The 


extent to which the negative feed¬ 
back stabilizes the negative imped¬ 
ances will now be determined 
quantitatively. 

Stability of a negative imped¬ 
ance may be defined as the frac¬ 
tional change in negative imped¬ 
ance produced by a small change in 
gain of the amplifier which sup¬ 
plies that negative impedance. 
Stated algebraically bZjZn = 
k^A/A where A is the gain of the 
amplifier, dA is a small change in 
the gain, dZn is the change in the 
negative impedance, and is a co¬ 
efficient of stability, obviously de¬ 
pendent upon the amount of nega¬ 
tive feedback utilized in the ampli¬ 
fier. 

The coefficient of stability k de¬ 
scribes to what extent negative im¬ 


pedance is affected by small changes 
in the propagation parameter of 
the amplifier. The ideal case would 
be obtained if k were zero, i.e., 
when a small change in the propa¬ 
gation parameter of the amplifier 
would produce no change in nega¬ 
tive impedance. 

As will be seen presently, stabil¬ 
ity of the shunt and series negative 
impendance is different, and the 
analyses will be divided into sepa¬ 
rate parts. 

Sfabiltfy of Shunt Nogotlvo Impodonco 


The shunt negative impedance is 
dependent upon the gain of the am¬ 
plifier in the way expressed by Eq. 
(13). Substituting the value of G 
given by Eq. (10) in Eq, (13) one 
obtains for negative impedance the 
expression 


Zn 


Zt 


1 - A0 
I - A 


(16) 


The stability coefficient may be 
obtained from this expression by 
differentiating with respect to A 
giving change in Zn to change in A 


+ - 1) 4- 

dZ,. (1 - A|9) (/» 4-1> 

d.r " ' (i-AfS-A)* 




1 

u ~ - W 


and therefore 


(16) 


dZn dA 

Zn * (1 - il/3 - A) (1 - m 


From which, the stability coefficient 
may be recognized as 

*" (i 

This important relation states 
that shunt negative impedance is 
stabilized by a factor which does 
not contain Z, and hence, the sta¬ 
bility of shunt negative impedance 
is independent of its magnitude. 

Investigation of the properties 
of the stability coefficient shows 
that there is an optimum value of 

for any given value of A. The 
best value of may be obtained by 
maximizing Eq. (18) with respect 
to as foQows 
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A\({ - Afi- A)A + 

(1 - Afi)A\ 

(i - A0- A)^\ ~- 'A'(i)^ 


0 ( 1 !)) 


Solving this for /i 


from which the optimum value of 
/3 for any given value of A may be 
obtained. The stability coefficient 
at /3ovt is 

ikopt-~4/A (21) 

Another critical point occurs 
when the denominator of Eq. (18) 
becomes zero, i.e., when (1 — A/3 — 
A) = 0. This is the case when 

^ - (1 - A)/A (22) 


At this value of p the stability 


coefficient is infinite and a small 
change in gain would produce an 
infinite change in the negative im¬ 
pedance. However, at this value of 
P the gain of the amplifier is unity 
and the negative impedance is in¬ 
finite and obviously this critical 
point is of no importance. 

Stobility Coleulofioiit 

Figures 8 and 9 show Eq. (18) 
in graphical form as a function of 
A and p. From Fig. 8 it is seem 
that the larger the propagation 
constant of the amplifier, the better 
the stability of the shunt negative 
impedance. If A is very large, 
then /? = —0.5 gives the best fc, but 
there is little improvement beyond 



obtolaed 



FIG. 9—^Exp«rlm«ntol d*t*nninatloB oi •la¬ 
bility Y*il!i*8 th* thooraticol prodlctlons 


P>0.1 and in all practical cases 
this is the moat satisfactory value 
due to the difficulty of obtaining a 
high value of A and a higher value 
of p than 0.1 due to the shunting 
effects of the p network. 

With present day tubes it is easy 
to obtain an amplification of 10,000. 
If enough negative feedback in the 
amplifier is used to make p = —0.1, 
then, according to Eq. (18) or Fig. 
8, the stability coefficient is nearly 
lO*. 

A test of a simple amplifier has 
shown that a 20 percent change in 
the supply voltage of a typical am¬ 
plifier produced an 8 percent change 
in amplification. Hence, the 
change in the negative impedance 
supplied by this amplifier would be 
in the neighborhood of eight parts 
in 100,000. This stability is better 
than that encountered with ordi¬ 
nary circuit elements in cases 
where no temperature compensa¬ 
tion is provided. 

Effects of small changes in am¬ 
plification of the amplifier which 
supplies the series negative im¬ 
pedance may be obtained in a simi¬ 
lar manner. Series negative im¬ 
pedance is dependent upon the gain 
of the amplifier as given by Eq. 
(12) and (14). Combining this 
with the Eq. (10) which takes into 
account the negative feedback in 
the amplifier 

^■-^•'(44^)+«> (23) 

where Zi ^ Rt 


From this, the stability coefficient 
may be obtained by differentiation 

bZn _ 

Zn “ (1 - A^) ~ 


( 24 ) 
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FIG. 10—Effect of phase shift in the 
amplifier is to produce a change in magni¬ 
tude of the real component of the negative 
impedance, and to introduce on imoginory 
component (o) in porollel with shunt nega¬ 
tive impedance, or (b) in series with series 
negative impedance 


The stability coefficient is 


k - 


- A _ 

(1 - A(i) ^(l - 

A^)l(Ri/Zz') + \\- A\ 


(‘25) 


This relation is different from 
the corresponding: one for the shunt 
negative impedance because it in¬ 
volves the terms Zs\ which means 
that the stability of a series nega¬ 
tive impedance depends upon the 
magnitude of the negative imped¬ 
ance developed by the amplifier. A 
physical interpretation of this de¬ 
pendence may be seen by ex¬ 
amining two boundary cases. 

If the output impedance of the 
amplifier Rx«Zi\ then the stability 
coefficient becomes very much the 
same as the one in the shunt nega¬ 
tive impedance, ff Z/ = /?, = R,/ 
(G-1), the second bracket in the de¬ 
nominator of Eq, (26) reduces to 
zero. In this case» the stability co¬ 
efficient becomes infinite. This lat¬ 
ter case is of not much practical 
importance, for it corresponds to 
zero series negative impedance 
offered by the amplifier. In a prac¬ 
tical amplifier, the output imped¬ 


ance of the amplifier can be made 
small, and for any given value of 
the negative impedance, the stabil¬ 
ity coefficient may be made as small 
as is desired by increasing A 
sufficiently. Rewriting Eq. (25) 
shows this more clearly 


k 


- I 

(1 - Ad) (1 ~ 

(1 - A^)/A\ [(/2,/Z,') - 1] 


(26) 


If A is made very large, then 


and the stability can be made as 
good as desired by making A large 
enough. 

For any given value of R,/R/ 
and A there is a best value of p. 
This critical value may be obtained 
by maximizing k as given by Eq. 
(25) with respect to p. This leads 
to the result. 


/Sfopi « - i (I - m/AZ,*) r28) 


This again differs from the best 
value of p in the shunt negative 
impedance as given by Eq. 
(22) because Eq. (28) in¬ 
volves the factor R,/Z/, i.e., it 
depends upon the value of the nega¬ 
tive impedance developed by the 
amplifier. The stability coefficient 
for the series negative impedance 
at the best value of p Is obtained 
by combining Eq. (28) with Eq. 
(25) or (26). This gives 


nm/z/) -11 

which differs from the optimum 
value of the stability coefficient in 
the case of shunt negative imped¬ 
ance in the same general manner 
discussed above in connection with 
Eqs. (25) to (28). 

Mott StaMo CoRditien 

It is interesting to notice that 
if RJZ%«\^ then the optimum 
value of p in the case of the series 
negative impendance is ->i. This 
is also true (exactly so, however) 
in the case of the shunt negative 
impendance. Remembering the 
fact that the gain of the negative- 
feedback amplifier approximates 


— 1/3 it is seen that if the opti¬ 
mum value of feedback is used for 
best stability, the gain of the am¬ 
plifier supplying negative imped¬ 
ance is just equal to 2. Hence, from 
Eq. (13) and (14) it is seen that 
the negative impedances developed 
by the amplifier in the two possible 
manners are 

Hhunt type Z„ — Z^ 

series type Zn ^ — Z% 


In other words, if the most stable 
operation of the negative imped¬ 
ance is desired, the value of the 
negative impedances obtained are 
merely the negative values of the 
positive impedances and 
Ampllflar Phast Shift 

The simplest type of amplifier 
suitable for producing negative 
impedances is a two-stage, direct- 
coupled amplifier the power for 
which is supplied by an essentially 
zero-impedance source. Even in 
this simple case there are shunting 
capacitances in the tubes and wir¬ 
ing so that although at low fre¬ 
quencies the amplification is real, 
at higher frequencies, there is 
phase shift and obviously the 
character of the negative imped¬ 
ances that can be obtained by 
means of such an amplifier will not 
be the simple negative of the posi¬ 
tive impedance which is used in 
conjunction with that amplifier. 

If one considers a high gain am¬ 
plifier with pentode tubes which 
utilize filter networks in the screen 
grid and cathode circuits and 
rectifier-type power supplies, the 
phase shift may take a complicated 
form and the resultant negative im¬ 
pedance will differ greatly from the 
simple form which would be ex¬ 
pected if the phase shift were 
neglected. 

In general, a properly designed 
amplifier will have a region where 
the amplification parameter is 
nearly constant and where the sim¬ 
ple equations developed in the Part 
I hold. Outside of this region 
phase shift will occur, and the gain 
of the amplifier will contain an 
imaginary component. If G is the 
actual gain of the amplifier, Cr« Is 
the absolute value of the amplifier 
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gain in the region where the phase- 
shift is zero or negligible, and B is 
the phase shift in degrees referred 
to the zero phase-shift region, then 
the gain may be expressed as G 
= G» (cosB -f /sin^). This can be 
written as 

G--Gr+jRi (30) 

where Gr ** C?oCOsd 
Gi ~ Cr^sin^ 

Both Go and 0 must be known for all 
frequencies before the nature of 
the negative impedance can be com¬ 
pletely specified. 

Substituting the vector relation 
for amplifier gain given by Eq. 


(30) in Eq. (13) (Part I), one 
obtains for negative impedance the 
equation 

- 1 - JUjoi ®'> 

Which can be rewritten in the form 
Tn “ Zt/(i - g7) 

Equation (32) is a familiar ex¬ 
pression for two impedances in 
parallel, and the corresponding cir¬ 
cuit is shown in Fig. 10(a). The 
real part is recognized as the shunt 
negative impedance proper, and the 
imaginary part represents an 


imaginary term which disappears 
when the imaginary part of the 
amplifier gain is zero. For the 
sake of convenience, the functions 
which determine the real and 
imaginary parts of the shunt nega¬ 
tive impedance will be defined as 
follows 

whi^re Fi *>* -i ——7 
1 — Or 



fhot* Shift E1l«ct on 
Sorios Nogotivo Impodaneo 



The effect of phase shift upon 
the character of the series negative 
impedance can be obtained by sub¬ 
stituting Eq. (30) in Eq. (14) and 
letting Z/ = Za -f as was done 
in Eq. (23). 

Z„ - ZaXl - Gr) -h /?! - jZ.'Gi (34) 

where the output impedance of 
the amplifier as before, must now 
be considered a function of fre¬ 
quency. This equation can be re¬ 
written as 

Zn « Z/Fz + -f jZz'Fi (86) 

where =* 1 — Gr 

^4 * — 6 ', 

The series circuit expressed by 
Eq. (35) is shown in Fig. 10(b). 
When Gt = 0, the complex form of 
the series negative impedance re¬ 
duces to the simple conception of 
the negative impedance discussed 
earlier. The resistance must be 
so adjusted that in the region where 
G, = 0 the negative resistance due 
to Ri just cancels the output imped¬ 
ance of the amplifier. This can¬ 
cellation obviously cannot hold out¬ 
side this region because both the 
magnitude of the series negative 
resistance due to R^, and the out¬ 
put impedance of the amplifier are 
changing and in general these 
changes will not counteract one an¬ 
other. The variation of output im¬ 
pedance of the amplifier with fre¬ 
quency due to phase shift and 
negative feedback is discussed 
later. 

If the phase shift and the abso- 


FIQ, 11—Variation of F, with ampllfIcaUon for uso In 
prodleting ofloct of phato shift on nogottvo impodanco 
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lute magnitude of the gain G of an 
amplifier are known, then functions 
^ 1 , f'i, and can be computed 
and the nature of the negative im¬ 
pedance outside the domain of con¬ 
stant G can be determined. This 
means that the ixact nature of the 
amplifier and the types of coupling 
must be known, as well as the 
amount of negative feedback used 
within the amplifier. 

To facilitate computation of the 
above functions, Pig. 11, 12, 13 and 
14 give the functions in terms of 
the amount of phase shift and gain 
These are merely graphical 
forms of the Eq. (38) and (86) 


from which the effect of phase 
shift and the gain for any ampli¬ 
fier on the character of either the 
shunt or series negative impedance 
may be obtained. 

As an example. Fig. 15 shows a 
two-stage amplifier with resist¬ 
ance-capacitance coupling and util¬ 
izing a moderate amount of nega¬ 
tive feedback. The phase shift 
and the absolute magnitude of the 
gain for this amplifier are also 
shown. From these curves and 
Fig. 11 and 12, Ft and F» were ob¬ 
tained as functions of frequency, 
and are shown in Fig. 16. 

Fig. 16 shows that the function 


Fi, which determines the character 
of the real part of the shunt nega¬ 
tive impedance, changes sign 
abruptly at both low and high fre¬ 
quencies and thus changes the 
negative impedance into a positive 
one. In the mid-frequency region, 
Fx remains remarkably constant, 
which means that the negative im¬ 
pedance also is very nearly con¬ 
stant. On the other hand, the 
imaginary component of the nega¬ 
tive impedance introduces an ap¬ 
preciable effect long before the real 
part changes sign. Once Fig. 16 
has been obtained for an amplifier 
the exact nature of the negative 
impedance that will be developed 
by means of that amplifier can be 
obtained by Eq. (83) or (85). 

lllnstratioB of iffoet of Photo Shift 

An example of a shunt negative 
resistance, obtained by means of 
the amplifier shown in Fig. 16 
whose characteristics are described 
by Fig. 15 and 16, is shown in Fig. 
17. These curves were obtained by 
the method outlined above and 
checked experimentally by meas¬ 
uring the input impedance of the 
amplifier as a function of fre¬ 
quency by means of a Wheatstone 
bridge. 

These curves show that the real 
part of the negative resistance, in 
the region between 600 and 80,000 
cps, is negative. Between approxi¬ 
mately 1,000 and 15,000 cycles its 
value could have been obtained 
directly by Eq. (18), neglecting 
phase shift in the amplifier. At 
frequencies lower than 60 and 
higher than 80,000 cps the nega¬ 
tive resistance changes sign and 
actually becomes positive. At the 
extreme frequencies, i.e., at zero 
and infinity, the amplification of 
the amplifier is zero, and the input 
impedance of the amplifier is 
simply At in series with the output 
impedance of the amplifier. 

These curves also show that even 
at mid-frequencies the input im¬ 
pedance of the amplifier contains 
a reactive component In accord¬ 
ance with the sign of function F» 
shown in Pig. 16 the reactance is 
capacitive at the high frequencies 
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and inductive at the low fre¬ 
quencies. As will be observed from 
Fig. 16 and 17, the reactive com¬ 
ponent of the negative resistance is 
minimum at approximately the 
same points where the real compo¬ 
nent becomes infinite. 

Limltafions Imposed by Rhat* Shift 

In the region between 400 and 
6,000 cps the reactive component is 
ten or more times the real com¬ 
ponent, therefore the former may 
be neglected in this region. In the 
case of negative resistance, the 
useful range of the negative re¬ 
sistance on the frequency scale 
must be inside these types of limits, 
and what happens outside may or 
may not be of importance. How’- 
ever, if it were a negative reactance 
that were obtained by means of this 
amplifier, it is obvious that the 
imaginary component will contrib¬ 
ute a resistance component to the 
desired negative reactance. In this 
case it is imperative to know the 
behavior of the imaginary com¬ 
ponent for all values of frequency 
and not merely be satisfied with the 
knowledge that the resistive com¬ 
ponent is negligible in the useful 
range. 

The reason for this is that either 
at the low or high frequencies, de¬ 
pending upon what kind of react¬ 
ance is being developed by the am¬ 
plifier, the imaginary component 
will produce a negative resistance 
which may cause oscillations in the 
amplifier. It is plain, therefore, 
that in no case may the quadrature 
component of a negative reactance 
be disregarded, but, on the con¬ 
trary, its behavior as a function of 
frequency must be studied care¬ 
fully, especially in the neighbor¬ 
hood of the point where the real 
part of the negative reactance be¬ 
comes infinite in the case of the 
shunt negative reactance or zero in 
the case of the series negative re¬ 
actance. 

Advasfcisei ef Dlreet«Coypl«d AnipllRer 

A two-stage resistance-capaci¬ 
tance amplifier shown in Fig. 15 
has 180-degree phase shift at the 
low-frequency end, which, accord¬ 
ing to Fig. 16, means that a nega- 



FIQ. 13—Vorlotloii of F, with magnitude and phase 
of ompUfleotlon. below le o detail of the middle portion 
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FIG, 14—^Variation of F 4 with amplillcatioii. Figure 
13 cmd 14 cq>ply to lorioi nogotlTO impodanco 


tive resistance will be developed 
by a shunt negative inductance 
circuit of magnitude L^F^, where L 
is the inductive reactance. The 
complete results a/e too compli¬ 
cated to present in a general form. 
In a special case of a two-stage am¬ 
plifier with resistance-capacitance 
coupling, Table I summarizes what 
is to be expected. 

Table I shows that the resistive 
component developed by a negative 
reactance in the case of an ampli¬ 
fier capable of 180-degree phase 


shift at either end of the fre¬ 
quency range is always negative at 
one end or the other. Therefore, 
extreme caution must be used in 
combining negative reactance with 
other elements. 

By means of a direct-coupled am¬ 
plifier it is possible to obtain nega¬ 
tive reactances which do not have 
a negative resistance component. 
Referring to Table I, it is seen that 
a shunt negative inductance has a 
negative resistance component at 
the low frequencies. If a direct- 


coupled amplifier is used, the nega¬ 
tive inductance will not have a re¬ 
sistive component at the low-fre¬ 
quency end; only a positive re¬ 
sistive component at high fre¬ 
quencies will be present. Similarly^ 
a negative capacitance may be ob¬ 
tained which does not have a nega¬ 
tive resistive component if a direct- 
coupled amplifier is used to produce 
series negative capacitance. 

Negative resistance, according 
to its definition, must be able to 
supply power to the circuit to 
which it is connected. This in¬ 
volves a source of power in the net¬ 
work and because all actual devices 
have a finite source of power, the 
range of the negative character¬ 
istic must be necessarily limited. 
The magnitude of negative react¬ 
ance exhibited by the device is also 
limited by the same factors as the 
negative resistance because nega¬ 
tive reactances must supply power 
to the circuit on one half of the 
cycle and absorb power on the other 
half cycle. 

Energy Stproge of Negotivo Rooefancot 

If a sinusoidal voltage whose 
crest value is e forces a current of 
crest value i through an impedance 
Z, then the following relations may 
be written 

P « 2^r (36) 

P--i^Z2 (37) 

where P is average power dis¬ 
sipated during the cycle in the case 
of resistance, and average energy 
stored in inductance or capacitance 
during the cycle in the case of re¬ 
actance. 

Fowor Limit of Sorloi Nogotivo 
Impodonco 

In the case of series negative 
impedance it is easiest to think in 
terms of the current that the am¬ 
plifier can handle. This current 
is determined by the properties of 
the amplifier in the following man¬ 
ner. 

If E 9 is the maximum output 
voltage of the amplifier, then the 
maximum input voltage that can be 
developed at the input of the ampli¬ 
fier is Eo/Gi where G is the voltage 
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gain of the amplifier. Let I be the 
maximum current that it is desired 
to obtain from the negative resist¬ 
ance. It is obvious that impedance 
Zb' must not exceed the value which 
will make the voltage developed 
across it equal to the maximum 
Allowable voltage. Thus Z/ must 
not be greater than 

- E,/OI (38) 

Substituting this value of Z#' into 
Eq. (12) and (14), it is seen that 
the magnitude of the negative im¬ 
pedance is determined by the fac¬ 
tory EJI 

Znmux “ Ri + iEo/GI) (1 - G) (39) 

This equation states that the 
magnitude of the negative imped¬ 
ance a given amplifier is capable 
of developing depends upon the cur¬ 
rent that it is desired to draw from 
the amplifier. 


From Eq. (87) it is plain that 
the power-handling capability is 
proportional to .the magnitude of 
the impedance of the circuit and 
the square of the current through 
the circuit. Combining Eq. (37) 
and (39), the power-handling 
capacity of the series negative im¬ 
pedance is 

P - iPRi -f (EJ/2Q) (1 - G) m 

For any given amplifier there is 
a value of current at which the 
maximum possible P (measured in 
volt-amperes) can be developed by 
the negative impedance. This 
critical current may be obtained by 
differentiating Eq. (40) with re¬ 
spect to I and equating the result 
to zero. This gives 

(bP/5/) «/Pi-h 

iEo/2G) (1 - 6’) - 0 

Zo . - 1 .... 

" 25 ; • — 


TABLE I 

ResistiTe CompoaMt of NagatiTt 
Raoctonca 


Frpqiiftrify 


- 1 

Ih'gioii 

Hesistive Component I 

1 Shiinl Produced Negative 

Reactiini^ 


Z2 *= Z 2 


low 

— 


high 



1 Series IVodiiced Ne-galive 

Heart ance 


Zs — ju)Ln Za 

« 1 ju)Ci 

low 


— 

high 


-f 


From which the maximum volt- 
amperes that can be developed by a 
series negative impedance is 



FIQ* IS—Magnituda end phota ahUt of cm ompUflar from whldi sbimt aagatlva impademea la producad maat ba kaown oa o 
hmctlan af IraquancT* Tha dot-denh eonra ia phema ahUt with aagallaa faadbock. ethar cunraa ora gedn 
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FIG. 16—Variotlon with irequtncy ol gala functions of the ompUfior of Fig. 15 


The most convenient type of an 
amplifier suitable for supplying a 
negative impedance is a two-stage 
resistance-capacitance coupled am¬ 
plifier, shown in Fig. 19. It is 
usually desirable to stabilize such 
an amplifier with negative feed¬ 
back to improve its stability and 
frequency response. The effect of 
negative feedback on the frequency 
characteristic must be precisely 
known because the frequency 
characteristic determines the phase 
shift introduced by the amplifier 
and this, in turn, determines the 
type of impedance that results in 
the frequency region outside the 
desirable one. 

In the following analysis, this 
notation will be used 


If the maximum current / ap¬ 
proaches the value for which Eq. 
(40) becomes zero, the power 
capability also approaches zero. 

An example of a negative resist¬ 
ance that can be developed by an 
amplifier, together with its power 
capability is plotted in Fig. 18. It 
shows, for instance, that the actual 
amplifier cannot handle unlimited 
values of current; and that for any 
given amplifier and for any given 
maximum current, it is possible to 
obtain any magnitude of. series 
negative resistance smaller in mag- 


tortion in the output of the ampli¬ 
fier in the absence of feedback, and 
Ap is the feedback factor, then 
the maximum voltage that can ap¬ 
pear across the input terminals of 
the amplifier is 

- € (1 - ii 0) (43) 

This equation determines the maxi¬ 
mum allowable voltage, and the 
power capability of the negative 
impedances will then be given by 
Eq. (36). 


» Effective mutual conductance of the 
tube 

Gm ^ mutual conductance of the tube 

Rp >■ Plate resistance of the tube 

n ^ ^ _ 

1 + {Rc/Rgx) + {Rc/Rp) 

R +/e./d-h/2c/R„) 

Xe “ l/2ir/Cc *- the reactance of the 
coupling capacitor 

A”, 1/2 t/C, ■» the reactance of the 

shunting capacitor from plate to 
ground of each stage, including 
stray, wiring and tube capacitances 

A » voltage amplification of a stage 
without feedback 

Ao ■■ voltage amplification In the mid- 
frequency region 

L » Xe/R ■■ frequency variable for low 
frequencies 


nitude than the maximum given by 
Eq. (89). 

Power UMit of Shoot Nogotivo 
Impedooeoi 

It was assumed in the deriva¬ 
tions of all equations that in this 
type of negative impedance the 
grid of the tube does not draw any 
grid current. Therefore, the peak 
value of the voltage that appears 
across the terminals of the nega¬ 
tive impedance mutft not exceed the 
maximum allowable amplifier input 
voltage. This voltage is deter¬ 
mined by two factors, namely, the 
direct current bias of the first tube, 
and secondly, the amount of nega¬ 
tive feedback used in the amplifier. 
If c is the maximum voltage that 
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FIG. 18—For o gWon omplUlor thoro is a 
Umlt to tho powor Ihot con bo dovolopod 
by ooch ooluo of nogotiTO rosistonco so 
producod 

U »• R^/ Xt ■■ frequency variable for 
the high frequencies 

The above notation will refer to the 
first stage, and if the symbols are 
primed, they will refer to the sec¬ 
ond stage. Thus, A is the amplifi¬ 
cation of the first stage and A' is 
the amplification of the second 
stage. 


EINet of Riot ClreolH 


If the cathode resistors in Fig. 
19 are unbypassed, then there will 
be a loss of gain in the stage due 
to current negative feedback. In 
the pentode amplifier, this does not 
modify the frequency character¬ 
istic appreciably, so that the only 
result will be a reduction of the 
mutual conductance of the tube. It 
can be easily shown that the effec¬ 
tive mutual conductance of a tube is 


5- 


It will be assumed in this deriva¬ 
tion that either the cathode is not 
by-passed in which case £q. (44) 
holds, or that it is adequately by¬ 
passed in which case S = G„. The 
intermediate case is of no impor¬ 
tance because it produces additional 
phase shift in the amplifier and 
should be avoided. The additional 
phase shift due to the improper by¬ 
passing of cathode resistor and also 
of the screen grid dropping resis¬ 
tor is discussed in the literature.” 

The voltage gain of an implifler 
in the mid-frequency region where 
aero phase shift occurs is given by 
Terman as” 




The voltage amplification at the low 
frequency end of the frequency 
range is 


A 


A, 


and for the high frequency end. 


(46) 


A 


Aa 


(47) 


These equations refer to the am¬ 
plification of the first stage of the 
amplifier shown in Fig. 19. A sim¬ 
ilar set of equations may be written 
for the second stage, using the no¬ 
tation given above. It must be re¬ 
membered that the amplification of 
the second stage must take into ac¬ 
count the shunting effect of the re¬ 
sistances Rt and 


Calculation of AoipllRor Rotponto 

The total voltage amplification of 
the amplifier will be 
at low frequencies 


A A> — Ai^At 

(48) 

at high frequenciee 


A At __ AoAo 

(49) 

The voltage gain of the amplifier 
including negative feedback will be 

( 7 = 

(50) 


Combining Eq. (48), (49), and 


(60), the following results, at low 
frequencies 

at low frequencies 


^ aA.A^'- {I - JL) n - JL') 
at high frequencies 

Aoa: 

~ (1 -fjH) ( 1 +)//') 

Also, assume that the second stage 
is a times better than the first, at 
the low frequencies, and b times 
better at the high frequencies. Or 
symbolically, 

a - V/L 

b * ir/H 


Intorprotoflou of Rotponto Eguotlons 

Hence, Eq. (51) and (52) can be 
written 

at low frequencies 

^ “ 0A,A/ - (1 - ‘jL)ll - jaL) 
at high frequencies 

^ - a + >«)(! + jbH) 

These are vector expressions for 
the gain in terms of the frequency 
variables L and H, The absolute 
value of the amplification and 
phase shift will be found in Table 
II, If the absolute value of the am¬ 
plification is differentiated with re¬ 
spect to the frequency variable, it 
will be found that the frequency 
response curve of the amplifier has 
peaks at the low and the high end. 
Table II summarizes all the perti¬ 
nent information regarding the re¬ 
sponse characteristics of the nega¬ 
tive-feedback amplifier of the type 



( 46 ) 













ELECTRONICS MANUAL FOR RADIO ENGINEERS 


164 



FIG. 20—VofSottOB oi ompUftr output lu^ 
podoBCo with IfoquottCf c^octs Iko mogni 
tudo ond cmglo of nogcrtlTO tanpodoBoo 


is used the physical output im¬ 
pedance, is a function of frequency 
as explained above. Secondly, in 
the presence of negative feedback 
in the amplifier, the output imped¬ 
ance is reduced in the mid-fre¬ 
quency range, but when the ampli¬ 
fication begins to fall, the output 
impedance will be increased be¬ 
cause (due to phase shift) the neg¬ 
ative feedback will actually become 
positive. Thirdly, due to the coup¬ 
ling between the two stages, the 
amplification will be zero at the ex¬ 
treme frequency regions, the feed¬ 
back effects will disappear and the 
output impedance will be governed 
by the physical output impedances. 

From this it is evident that the 
problem of determining the output 


impedance of an amplifier is not 
simple and the exact expression 
must depend not only upon the 
characteristics of output elements 
but also upon the coupling between 
the two stages. It is possible to 
analyze the output impedance of an 
amplifier completely in the general 
case where the two stages of the 
amplifier are different. However, 
the results obtained from such an 
analysis are so complicated that 
they 'become of little actual value 
and it is simpler to handle each am¬ 
plifier separately. But to show the 
type of results that can be ex¬ 
pected due to the various effects, a 
special case will be considered 
where the two stages of the ampli¬ 
fier are alike in their frequency re¬ 


shown in Fig. 19. Figure 15 shows 
a typical response curve of the feed¬ 
back amplifier. 

Ottfpuf liiip«claiic« of Amplifior 

Negative impedances obtained 
by feedback amplifiers invariably 
contain a term due to the output 
impedance of the amplifier. If the 
amplifier is not stabilized by nega¬ 
tive feedback, the output imped¬ 
ance Ri consists only of the parallel 
combination of Rgi and Rr in the 
mid-frequency range, and is af¬ 
fected by the coupling capacitance 
Cr at the low frequencies and by 
C. at the high frequencies. Thus, 
even in the simplest possible case 
the output impedance is a function 
of frequency and is not at all con¬ 
stant. 

When negative feedback is util¬ 
ized in the amplifier, the picture be¬ 
comes more complicated. As is well 
known, the effect of voltage feed¬ 
back is to reduce the output imped¬ 
ance of the amplifier in the fre¬ 
quency range where^he phase shift 
in the amplifier is negligible. But 
if phase shift in the amplifier is not 
neglected, there will be frequency 
regions where the output imped¬ 
ance is increased 

Effect ef Eeedboeh 

Roughly speaking, output imped¬ 
ance of the amplifier is affected by 
three factors. First, if no feedback 
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sponse. While the relative mairni- 
tudes of the various effects will be 
different for an amplifier with dis¬ 
similar stages, the general picture 
will be the same. Effects due to 
common power-supply impedance, 
additional phase shift due to cath¬ 
ode and screen by-passing will be 
entirely neglected because, by 
proper design, they can be elimin¬ 
ated. 


ColcHlation of Output Impodonco 


The output impedance of an am¬ 
plifier without negative feedback 
may be defined as the impedance 
looking into the terminals 1 - 2 in 
Fig. 19 with the first tube of the 
amplifier disconnected. It will be 
noticed that the resistances -f Rt 
are in parallel with resistance G„/. 
Resistance Rr will ordinarily be so- 
high that it will not shunt Rg' ap¬ 
preciably, but if it does then i?,/ 
must be corrected. 


at low frequencies 

+ R/ - W 

At high frequencies 

p ^ j XB*Rm*R§l* 

jX/R/-jX:R^i' 


(65) 

(56) 


If the impedance Ri is measured 
by means of the voltmeter-ammeter 
method with current supplied from 
an infinite impedance source, then 
the following relations are true. 
The current i flowing through the 
impedance R^ produces a voltage 
drop iR^. A fraction /3 of this volt¬ 
age, determined by the ratio 
Rk/ (Rk 4- Ri), appears between the 
grid and cathode of the first tube 
and is amplified by the amplifier 
and forces a current to flow in the 
impedance R, in the opposite direc¬ 
tion to the current flowing due to 
the source of voltage e. Thus, the 
conventional feedback equation may 
be written e = AA\ 

If this equation is solved for e/i, 
which is A„ and values of A and 
A' are substituted into it, tiie out¬ 
put impedance of the amplifier is 
obtained as a function of frequency. 
For comparison with measurements 
it is convenient to express the re¬ 
sults in polar form, giving the mag¬ 


nitude and phase of the amplifier 
output impedance. 

The nature of the impedance 
variations given by such equations 
is shown in Fig. 20 which gives 
computed and experimental curves 
for the output impedance of a typ¬ 
ical amplifier. 

Improvement of Diode Defector 

A practical diode-detector circuit 
is shown in Fig. 21. The diode is 
used as a rectifier, being substan¬ 
tially a short circuit on one-half 
cycle, and an open circuit on the 
other half. The load circuit con¬ 
sists of a network which has sev¬ 
eral functions. The load resistance 
is shunted by capacitor Q which is 
large enough to act as an effective 
short circuit for the radio-fre¬ 
quency voltages and yet in an ideal 
case must not shunt the load re¬ 
sistance for the highest modulation 
frequency that the detector is to 
handle. Rj and Ce form a filter 
which isolates the radio-frequency 
voltage that may exist across Cx 
and allows only the modulation- 
frequency voltage to appear across 
the output Rg of the circuit. 
Capacitor C 4 in conjunction with 
the resistance A« separates the 
modulation-frequency voltage from 
the direct-current voltage which is 
present across the load circuit, a 
filter arrangement which is often 
necessary to keep d-c voltage from 
the following amplifier grid and to 
utilize the d-c voltage for auto¬ 
matic volume control in a radio 


receiver. A, and Ca form a filter 
which isolates the modulation-fre¬ 
quency voltage that exists across 
Rg and allows only direct voltage to 
appear at the a-v-c terminal. 

Diode Choroctoriitics 

Operation of the diode detector 
has been described in literature 
and does not need to be repeated 
here.^‘ It has been shown that if 
the radio-frequency voltage is large 
enough, in the neighborhood of 20 
volts, then the distortion due to de¬ 
tection is negligible, provided that 
the diode-detector circuit has a 
pure resistance in its load for the 
modulation frequencies and an 
effective short circuit to the radio 
frequencies. A diode detector 
under these ideal conditions may 
be considered as distortionless. 

An actual detector circuit shown 
in Fig. 21 is far from being ideal 
and will produce serious distortion. 
The manner in which the actual 
circuit shown here deviates from 
the ideal detector can be seen from 
a study of Fig. 21. The load cir¬ 
cuit of the detector, due to various 
capacitors in the circuit, presents 
a lower impedance to the modula¬ 
tion frequency than it does to the 
direct current. 

Let Zm be the impedance offered 
by the diode load circuit to the 
modulation frequencies, and Rc the 
resistance offered by the same cir¬ 
cuit to the direct current. While 
it is not readily obvious, Terman 
has shown that the maximum per- 



FIQ. 21— 

Tfplcal diode-dAlAetor dreiilt which can h* Improved by odditton of nogotivo Impodonco 
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centage of modulation m that the 
diode detector with a given load 
can rectify without distortion is 

m « Z«//2o (57) 

If the actual percentage of modu¬ 
lation of the applied radio fre¬ 
quency signal exceeds this value, 
the rectified output will be dis¬ 
torted. The nature of the distor¬ 
tion depends upon the nature of the 
ratio Zm/R** If this is a reel con¬ 
stant, then the distortion will be in 
the nature of clipping of the nega¬ 
tive peaks of the modulation fre¬ 
quency wave. If the load is such 
that the above ratio (coihmonly 
called the a-c to d-c ratio) has a 
phase angle, then the distortion 
will be clipping of the negative 
peaks at an angle with respect to 
the axis of the rectified wave. The 
wave-shape of the distortion is not 
important in this discussion. 

The important fact is that the 
diode detector deviates from the 
ideal distortionless detector in two 
ways: (1) Modulation-frequency 

impedance does not equal the d-c 
resistance of the diode load. This 
produces clipping of the negative 
peaks if the actual degree of modu¬ 
lation exceeds Zn,/R. (2) Modu¬ 

lation-frequency impedance has a 
phase angle due to the fact that the 
shunting capacitor C acta as a 
partial short circuit at the higher 
modulation frequencies. This 
causes diagonal clipping of the 
negative peaks. 


Improvensst by Utisg Negefivt 
aaiiiteees 

The two effects which cause 
deviation of an actual diode-de¬ 
tector circuit from the ideal de¬ 
tector can be eliminated by the ap¬ 
plication of stabilized negative im¬ 
pedances. 

The first of the two effects can 
be eliminated entirely by means of 
a negative resistance of the shunt 
type placed across the diode load 
at the output terminals.** The 
negative resistance may be so ad¬ 
justed that its value is just equal 
to the shunting resistance which 
causes the difference between Z^ 
and This will make the ratio 
given by Eq. (57) just equal to 
unity which, in turn, means that 
100 percent modulated signals can 
be rectified without distortion. 

The second of these deviations 
from the ideal may be eliminated 
by using a negative capacitance 
supplied by an amplifier which has 
a uniform response up to the high¬ 
est modulation frequency that it is 
intended to use, and yet which cuts 
off considerably below the carrier 
frequency. By means of this ar¬ 
rangement it is possible to make 
the net capacitance across the load, 
as far as modulation frequencies 
are concerned, just zero and there 
will be no diagonal clipping even 
for 100 percent modulated signals. 
And yet, because the amplifier cuts 
off at some intermediate frequency, 
the negative capacitance will be 


absent above cut-off and the net 
capacitance offered to radio fre¬ 
quencies across the load will be 
equal to something greater than Ci. 

Msossremestf of Imprevsd Deteefer 

It is seen that by means of two 
kinds of negative impedances an 
ordinary diode detector can be 
made to approach the ideal one 
very closely. The principle is illus¬ 
trated experimentally by means of 
a diode detector which was pur¬ 
posely made to have a very poor 
a-c to d-c ratio. Figure 22 shows 
the a-c to d-c ratio of the diode 
load (measured by an ohmmeter 
to determine R., and by the volt¬ 
age-current method to measure Z») 
as a function of the negative re¬ 
sistance placed across the diode 
load. It is seen from this graph 
that the proper amount of negative 
resistance across the diode load 
causes the a-c to d-c ratio to be¬ 
come unity. 

Figure 28 shows the distortion 
produced by a diode detector as a 
function of degree of modulation 
for a detector which again had a 
purposely poor Z^^/Rv ratio in one 
case, and a typical one in another. 
In both cases the distortion of 100 
percent modulated signals is very 
high. By means of a proper 
amount of negative resistance 
placed across the diode load, the 
Z^/R„ ratio was made unity in each 
case and the distortion measure¬ 
ments repeated. The results are 
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FIG. 24—Application of nogatlvo roiistonco to ImproYO diodo dotoclor In conYontlonal radio rocoivor roquiroi oddition of only ono 

roiltlor 


indicated by the solid curve. 

It should be mentioned that the 
distortion was measured by a wave- 
analyzer at the output of the am¬ 
plifier that supplied the negative 
resistance. The measured distor¬ 
tion in each of the three curves is 
the sum of all distortions due to 
the modulation-frequency oscillator, 
the modulator, the radio-frequency 
amplifier, the diode, and the audio¬ 
frequency amplifier used to supply 
the negative resistance. 

The amplifier that supplies the 
negative resistance does not need 
to be a separate amplifier. The 
conventional radio receiver usually 
has two stages of audio frequency 
amplification after the diode de¬ 
tector. An addition of one resistor 
of proper value may be suflScient 
to make the ratio equal to 

unity and eliminate a large part 
of the distortion that results when 
high percentages of modulation are 
present. 

Typical circuit of a diode de¬ 
tector and two-stage amplifier that 
might be found in a commercial 
radio receiver is shown in Fig. 24. 
The amplifier may be stabilized by 
negative feedback for better per¬ 
formance, but that is not essential, 
although highly recommended. A 


proper value of will develop a 
negative resistance of the shunt 
type and in combination with i?« 
will form an open circuit so that 
the Z„/Ro ratio will be unity. 


Capecifosce MalfiplleetiM 

It was shown that if an imped¬ 
ance Z, was connected between the 
input and the output terminals of 
an amplifier, the input impedance 
of the amplifier was given by Eq. 
(13). If Z. is a pure capacitance, 
the input impedance of the amirii- 
fier will be a capacitive reactance 
whose magnitude is given by 


Zn 


1 

- 0 ) 


(58) 


If the amplifier is so arranged 
that the output of the amplifier will 
be of opposite relative phase to its 
input, ^en the gain of the ampli¬ 
fier will be a negative number, and 
so this equation becomes 


+ 0 ') 


m 


where G' indicates that it is a nega¬ 
tive of the previously used symbol 
G. The input impedance is thus a 
capacitive reactance, with the 
equivalent value of 


» Ca(l -f G') ( 60 ) 

which means that the capacitance 
C, is multiplied by the factor 
(1 -f CxO. It must be remembered, 
however, that in series with this 
capacitance there is a resistive 
component due to the inevitable 
output resistance of the amplifier. 

Use of Neqativ# Impe^oRce Teehaique* 

A pure capacitance multiplica¬ 
tion can be obtained by a scheme 
similar to the method used in 
obtaining a pure negative react¬ 
ance, If a capacitance is found to 
possess a certain series resistance, 
this can be eliminated by placing a 
negative resistance of the series 
type in series with the amplifier in 
the manner previously described. 
By making the negative and posi¬ 
tive resistances just equal, a pure 
capacitance can be obtained. 
Another possible way of obtaining 
a pure negative capacitance is by 
utilizing a zero-output impedance 
amplifier.” 

In some cases it is desirable to 
have a two-terminal impedance 
which will be small for all audio¬ 
frequencies and yet act as an open 
circuit for direct currents. Such 
an impedance may be obtained in 
the manner described above. In 
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the frequency region where the am¬ 
plifier supplying the multiplied 
capacitance has a uniform fre¬ 
quency response, the resistive com¬ 
ponent will be constant and its 
magnitude is given by Eq. (11) 
with G replaced by G\ 

H « Ri/{\ + G') ( 61 ) 

If Ca is SO large that the re¬ 
sultant circuit is merely a resist¬ 
ance to all frequencies for which 
the amplification G' is constant, the 
amplifier will act as a low a-c re¬ 
sistance, but will not pass direct 
current. Such an element is use¬ 
ful in power supply filters where 
it may be desired to use it as a volt¬ 
age regulator or where it is desired 
to produce better filtering than can 
be done without resorting to very 
large capacitors. This use is illus¬ 
trated in Fig. 25. 

In Fig. 25(a) is shown a single- 
stage amplifier which has the 
proper phase relations to act as a 
capacitance multiplier. The ampli¬ 
fication is best obtained by means 
of a pentode which has a high 
mutual conductance. The voltage 
gain of this amplifier is G' = GmAn 
so that the input impedance of the 
amplifier is 


1 R\ 

" I + QmRi 

where Gm is the mutual conduct¬ 
ance of the tube. If the reactance 
of capacitor C. is large enough, the 
input impedance of the amplifier 


will simply be Z — 1/G« providing 
the voltage amplification is much 
larger than unity. 

Tubes such as 6AC7 or 6SG7 
have a mutual conductance in the 
neighborhood of 10,000 micromhos 
so that it is possible to obtain an 
input resistance of 100 ohms for 
all frequencies for which the as¬ 
sumption made above regarding 
the magnitude of C, is true. This 
means that a tube of this sort is 
equivalent to a capacitance of 
26.5/if at 60 cycles, or to a capaci¬ 
tance of nearly 1600 /xf at a fre¬ 
quency of 1 cps. The capacitance 
of C, merely needs to be large in 
comparison to at these fre¬ 
quencies, which is simple because 
R, can be made as large as one de¬ 
sires. 

A slightly different arrangement 
shown in Fig. 26(b) differs from 
the amplifier just discussed in two 
respects. If in the amplifier shown 
in Fig. 25(a) a very large resist¬ 
ance Ri is placed across the input 
terminals, it will not affect the 
validity of the equations derived 
above. Also, if C, is very large, 
then it does not make any difference 
on what side of C, the input imped¬ 
ance is measured, and therefore, 
the equations derived for Fig. 
25(a) are true for Fig. 25(b). 
Figure 25(b) has the advantage 
that a direct-current voltage may 
be impressed upon the device with¬ 
out disrupting the normal opera¬ 
tion of the tube. Thus, this 
arrangement can be utilized in a 
power-supply filter in the same 


manner as an ordinary capacitor. 

Further modification of the cir¬ 
cuit is shown in Fig. 26(c) where 
the device is shown in a conven¬ 
tional power-supply filter circuit. 
The power supply itself supplies 
the necessary current for the tube 
and the parallel combination of 
load and power supply resistances 
constitute the equivalent of resist¬ 
ance j?, of the former two circuits. 
In Fig. 26(b) and 25(c) the 
capacitor needs to be large 
enough only in comparison with 
Rs which makes it particularly 
simple to obtain a device which will 
filter at the very low frequencies. 

Neqotlv# Retisfonce Increases Tweed- 
Circuit Q 

Consider a parallel combination 
of an inductor L and a capacitor C. 
If L is a pure inductance, and C is 
a pure capacitance, then the im¬ 
pedance at resonance becomes in¬ 
finite. If the circuit L contains 
resistance R, then the impedance at 
resonance will be determined by 
the figure of merit of the circuit, 
commonly known as Q, which is 
defined as niL/R^, and the imped¬ 
ance at resonance will be R^ = 

Often it is desirable to have a 
higher shunt impedance than can 
be obtained by the best coil that is 
available. This difficulty can be 
overcome by introducing either a 
series negative resistance in series 
with the coil, or a shunt negative 
resistance in parallel with the coil. 
By properly adjusting the magni- 
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tude of the negative resistance, any 
value of Q can be obtained from the 
original one up to infinity. If, for 
example, we let Rq be the shunt im¬ 
pedance of the tuned circuit at 
resonance, and assume that a shunt 
type negative resistance of magni¬ 
tude Rn is placed across the tuned 
circuit, then 


Ro' « 
Ho 


RoRn 
Ro -f- Rn 
Rn 


(63) 

(64) 


Ro 4' Rn 

and the effective Q of the combina¬ 
tion will be 


( 66 ) 


The stability of this increased Q 
must depend upon the actual in¬ 
crease in Q. This may be found as 
follows: 


dQeff Q Ro _ 

dRn “ ^ (Ro -h Rn)^ 


( 66 ) 


dQett dRn r Ro 1 
Qntt “ Rn L>2o + RnJ 


(67) 


From Eq. (67) it is plain that as 
Rn approaches Ro the stability be¬ 
comes very poor and at the point 
where Q^n becomes infinite, the sta¬ 
bility becomes infinite (See Eq. 
(18) and (27) and oscillations 
must take place. But due to the 
fact that the negative resistance 
may be stabilized very well by 


means of negative feedback, a con¬ 
siderable increase in Q is possible 
with reasonable stability. For in¬ 
stance, some stability figures were 
previously given for a typical am¬ 
plifier. It was found that a 20 per¬ 
cent change in supply voltage pro¬ 
duced a change in A of 8 percent. 
With ^ - ~0.1, and A - 10,000, 
the stability coefficient was found 
to be nearly 10 \ or dR„/R„ from Eq. 
(17) is (1/1000) (81/100) =r 8 X 10 " 
If it is further assumed that L is 
wound with copper wire and that a 
10°C variation in temperature may 
take place, the original Q of the coil 
may vary by 4 percent. If Q^r is 
regenerated to the point where the 
20 percent variation in supply volt¬ 
age will produce a 4 percent change 
in the Q, then Ro/(R„ -f- Rn) = 500. 

This means that by this method 
it is possible to increase the selec¬ 
tive properties of a tuned circuit 
by a factor of 500 and still have a 
resultant stability which is not 
worse than the stability of the orig¬ 
inal coil due to temperature varia¬ 
tions. Actually, such an increase in 
Oerf cannot be used without pro¬ 
viding temperature compensation. 

Tuned circuits regenerated in 
this way have many applications. 
They can be used in filters, wave 


analyzers, or in any other applica¬ 
tion where it is desirable to have a 
higher degree of selectivity than is 
made possible by ordinary coils. 

Improvement of Power-Supply Re9ulo- 
tion 

In certain applications it is 
sometimes necessary to have a 
power supply which has negligible 
voltage variation with changing 
current, or in other words, a power 
supply with zero internal resist¬ 
ance. This can be accomplished by 
various types of well known volt¬ 
age regulators. For use with 
Klystrons for instance, another 
feature is sometimes essential: a 



FIG. 27—^Improvod rogulotion obtainod 
with negotivo roototanc* in Klystron 
powor supply 
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method of controlling the voltage 
of the power supply continuously 
from zero to maximum with volt¬ 
age regulation over the entire 
range. This requirement elimi¬ 
nates most of well known regula¬ 
tors and makes others impractical. 

If a negative resistance is placed 
in series with a power supply and 
its magnitude adjusted so that it 
just cancels the internal resistance 
of the power supply, then the power 
supply in conjunction with the 
negative resistance will have a zero 
internal impedance and a varying 
load will not affect output voltage. 

Figure 26 shows a schematic dia¬ 
gram of a power supply and a 
series negative resistance. Such 
an arrangement will make the out¬ 
put voltage of the power supply 
independent of current taken from 
the power supply over a wide range 
of voltages, because the internal 


impedance of power supply ap¬ 
proximates quite well a constant. 
Figure 27 shows the improvement 
of voltage regulation of the power 
supply shown in Fig. 26. 
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Constant-Current Circuits 

Exponential circuits can be made to carry more nearly constant current for longer times if cor¬ 
rective networks are used. Design equations and actions of these circuits are derived, and 
their advantages in magnetron pulse circuits are illustrated by a numerical example 


By 0. T. 


E xponential charging and dis¬ 
charging currents in resistance- 
capacitance or resistance-inductance 
circuits can be made approximately 
constant for short durations by in¬ 
serting low-loss networks. Such net¬ 
works permit reducing the capaci¬ 
tance by a factor of four or more for 
a given pulse duration, or increasing 
the pulse duration four times for a 
given capacitance and percent drop 
in current during the pulse. Similar 
results can be achieved in inductive 
circuits. 

Reduced size of the reactive ele¬ 
ment made possible by these net¬ 
works results in reduction of cost, 
bulk, and weight of the constant-cur- 
rent circuit. In applications where 
frequency stability of a self-excited 
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magnetron oscillator is dependent 
upon tube current, the improved uni¬ 
formity of current from these net¬ 
works gives more stable operation. 

The PraUen 

When a capacitor is charged or dis¬ 
charged through a resistor, the re¬ 
sultant current is an exponential 
function of time. However, in saw¬ 
tooth sweep circuits, discriminating 
counter circuits, and other circuits 
involving pulses of constant ampli¬ 
tude, it is sometimes necessary or de¬ 
sirable to maintain constant current 
through a resistor, or resistive load 
for an arbitrarily short period of 
time. This requirement is especially 
necessary in one type of radar trans¬ 
mitter in which part of the energy 
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.stored in a capacitor is periodically 
discharged into a magnetron oscil¬ 
lator in the form of rectangular 
pulses. Approximately constant cur¬ 
rent can be obtained by inserting a 
parallel resistor-inductor network in 
series with the resistor-capacitor cir¬ 
cuit 

To determine optimum values of 
these circuit parameters, consider the 
case of a capacitor C charged to po¬ 
tential E and then discharged 
through resistor R, when the switch 
of Fig. lA is closed. It is desired 
to have the current through R, re¬ 
main constant for a short interval 
AT. An inductor and resistor are 
inserted as in Fig. IB. The relation¬ 
ship of the various parameters is de¬ 
termined by the fc^owing analysis. 
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FIG. 1—(A) Expon«nttal circuit, ond (B) 
comp«iiiat«d circuit from which conitant 
currunt can b« obtained 


By Kirchhoff's Laws 



(1) 

io « ii -f- h> 

(2) 

■c” + ^ S’ “ 



Because it is assumed that to is con¬ 
stant, that being the desired condi¬ 
tion, let to equal /o, a constant. Then 
from Eq. 1 and 2 

or 

- iH/DU (4) 

The complementary solution of Eq. 
4 is ti = where A is an ar¬ 

bitrary constant. The particular so¬ 
lution is ti = /«. The complete solu¬ 
tion is therefore 

ii - /o (6) 

Conventionally, this equation indi¬ 
cates that /e is a steady-state condi¬ 
tion, which is obviously impossible. 
However, because the time interval 
under consideration is very short, no 
steady-state condition is reached, 
and ftus Eq. 6 is legitimate. 


When ^ = 0, ti = 0. Therefore, in 
Eq. 6, A = —/tt, and 

ti-/o(l (6) 

Differentiating Eq. 6 with respect 
to time and multiplying by L, we ob¬ 
tain 

Z,-~ =(7) 

at 

Substituting this equivalent into 
Eq. 3 gives 

+ /oK.-'""-" + hlt„ = 0 (8) 

Differentiating Eq. 8 and substi¬ 
tuting /«for dq/dt gives 

h -„ 0 

V L 

If L/R is much greater than AT, 
then is approximately unity 

during the pulse interval. Thus Eq. 9 
reduces to the familiar relationship: 
R = VXTC or L = R^C. 

Clrcvlt ModiSeation 

It is evident in the foregoing 
analysis that the value of Ro does not 
alfect the result. Consequently, if Ro 
is replaced by a biased diode as in 
Fig, 2, it would be expected that for 
constant current the same relation¬ 
ships of the parameters must hold. 
In this case capacitor C is given, 
charged to a potential £?, which is to 
be discharged through a load with 
constant current for a time interval 
^T after the switch is closed. The 
load in this case is a diode in series 
with a battery. Resistance -K® repre¬ 
sents the sum of the diode resistance, 
the switch resistance, and any other 
resistance in the circuit. The R-L 
network is inserted as before and the 
analysis is similar. 

A new term, Eo, will appear in Eq. 
3 and 8. However, this term disap¬ 
pears when Eq. 8 is differentiated, 
resulting in the same Eq. 9 and con¬ 
sequently the same two relation¬ 
ships: R = \/L/i, and AT € L/R. 

If it is desired to olose the switch 
and maintain a constant current 
through Ro for a short period of time 
AT in the series circuit of Fig. SA, 
a choke and resistor are again in¬ 
serted as in Fig. 3B. Equations are 
again identical with those for a dis¬ 
charging circuit, except that the 
right-hand side of Eq. 8 and 8 is Eo 



FIG. 2—A blas»d diode con be a port of 
the load through which conetant current Is 

passed 


instead of zero. This term disap¬ 
pears when Eq. 8 is differentiated. 
Thus the analysis is the same as be¬ 
fore, and the same relationships 
hold. 



FIG. 3—Insteod ol discharging a copadtor, 
as In Fig. 1. the capacitor con be charged 
In the manner shown here 
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FIG. 4—(A) An inductor can replace the 
copacitor of Fig. 3. CorrectiTe network (B) 
contains inductance 


Although it is not a resistor-ca¬ 
pacitor circuit, the following analy¬ 
sis is included here because it is also 
a case of maintaining a constant cur¬ 
rent in an exponential circuit. 

In a circuit including resistor, in¬ 
ductor, and battery as shown in Fig. 
4A it is again desired to close the 
switch and maintain a constant cur¬ 
rent through for a short time AT. 
This result is accomplished by in¬ 
serting a resistor and capacitor as 
shown in Fig. 4B. Just as before, and 
for similar reasons, AT must be 
short compared to the time constant 
of the inserted network. That is, AT 
€RC. 

Although the characteristics of 
this circuit are comparable to those 
of the resistor-capacitor circuit pre¬ 
viously analysed, the mathematical 
analysis for this resistor-inductor 


circuit is included here, 
by Kirchhoff’s Laws 

As before, 

+ S 

(10) 

H + ItBt « &' 

(11) 

ii + ii - /• 

(12^ 


From Eq. 10 

dii E — /o/^o 

1 

From which by integration 




E — lofio 
L 




When t = 0, ii = 0, thus A = 0, 
and 




E — 

T ‘ 


(13) 


Likewise, from Eq. 11 

q * 4- ~ 

As in the original circuit analysed, 
this simplification is permissible be¬ 
cause AT € RC. When f = 0, q = 0, 
thus B = —{E — lMo)C, and 

q - C(E - IM a - 

But i* dq/dt^ ^^d therefore 

ii = «-a/«c)i ( 14 ) 

Substituting the values of t, and u 
given by Eq. 13 and 14 into Eq. 12 
gives 

1.=^ t + .- a . «o, . (15) 

Diqerentiating Eq. 15 gives 

During the short interval AT, E — 
loRo does not equal zero. Also, if 
AT is very small compared to RC, 
jg approximately unity. There¬ 
fore Eq. 16 reduces to the same rela¬ 
tionship as previously obtained: 
R = -\JLIC, It should be noted that 
in this case, as before, the result is 
independent of the value i?o. 


Mognetron Applleafion 

The circuit in Fig. 2 is similar to a 
discharge circuit used in some radar 
transmitters, and the load repre¬ 
sented is essentially the equivalent 
circuit of a magnetron. The mag¬ 
netron impedance is nonlinear, hav¬ 
ing a volt-ampere characteristic 
similar to that shown in Fig. 5. In 
general, the dynamic impedance is 
not constant over a wide range of 
voltage and current. However, over 
a small operating range the mag¬ 
netron can be represented to a good 
approximation by the circuit shown 
in Fig. 6, consisting of a linear re¬ 
sistance equal to A£m/A/, a perfect 



FIG. 5—Load charactorlitlai of d*c anodo 
circuit ol magaotron con bo •imulatod by 
bottory ond roiiitor 


rectifier, and a battery where E% 
is the voltage intercept of a line 
drawn tangent to the curve at the 
operating point. 

In one application the capacitor is 
charged between pulses through a re¬ 
sistance from a d-c source. The 
switch is a vacuum tube which is 
normally nonconducting but is 
turned on at regular intervals to dis¬ 
charge part of the stored energy 
into the magnetron in the form of 
rectangular pulses. With a constant 
magnetic field applied to the mag¬ 
netron, the output frequency of the 
magnetron is a function of its peak 
current. Consequently, to prevent 
frequency shift during the pulse, it 
is important that the discharge cur¬ 
rent be maintained very nearly con¬ 
stant. 





FIG. 6—Aa eqiiivcdMil «agns*yoa pvMwg 
dieiill ooatcrialag a stoiema CMipadlaf 
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Of course, the current can be held 
nearly constant by making the ca¬ 
pacitor C very large. However, high- 
voltage capacitors are physically 
large and heavy, and therefore pre¬ 
sent serious difficulty in aircraft sets 
where space and weight are at a 
premium. Addition of the resis¬ 
tance-inductance network permits 
the use of smaller capacitors for a 
given pulse duration, or with a given 
size capacitance the pulse generator 
can produce longer pulses. These 
advantages are best illustrated by 
numerical example. 

First consider the case without the 
addition of the resistance-inductance 
network. The current is found by 
simple circuit analysis 

i(17) 

Typical values are 
E - 14.000 volts 
i’o ~ 11,500 voltH 
/?« * 200 ohms 
C O.l microfarad 

Thus 


14,000 ^ 11, 

^ 200 

At the moment of closing the 
switch the current is 12.5 amp. 
After one microsecond the current is 
11.9 amp. This change represents a 
current drop of about five percent, 
which is barely tolerable with some 
magnetrons. 

Now an R-L network is inserted, 
giving the circuit of Fig. 2 with 
L = RrC. The resistance might be 
50 ohms. The inductance must be 
250 /ih, and {L/R) = 6 x 10 “. By 
conventional circuit analysis the cur¬ 
rent as a function of time is found 
to be 


E — Eo 


(1/2/9) X 


!(/»-«).-«»+<»>• + 
where « = 1/2RC 


(18) 


„ r «• - 3« I*/* 

At the moment of closing the 
switch the current is now ten am¬ 
peres. After one microsecond it has 
fallen to 9.96 amp. In this case the 
current drop is less than 0.5 percent. 

If it were desirable to maintain 
the same magnetron operating point 


as before with an average pulse cur¬ 
rent of approximately 12.2 amp, it is 
only necessary to raise the voltage on 
C to 14,550 instead of 14,000 volts. 
The initial current is then 12.20 amp. 
and at the end of one microsecond 
i = 12.15 amp, still less than a 0.5- 
percent droop. 

With the voltage raised to 14,625 
volts, the initial current is again 
12.5 amp, but it takes four micro¬ 
seconds for it to drop to 11.9 amp, 
the value reached in one microsec¬ 
ond without the addition of the re¬ 
sistance-inductance network. Thus 
the R-L network permits increasing 
the pulse length by a factor of four, 
provided the same percentage droop 
in current can be tolerated as for the 
shorter pulse. 

If C =0.026 fd and R remains 60 
ohms, L must be 62.5/th. Then with 
E = 14,625 volts, the initial current 
is 12.5 amp, and at the end of one 
microsecond, i = 11.9 amp. Thus, 
for one microsecond pulse duration 
the capacitance can be decreased by 
a factor of four without causing a 
greater droop than was obtained 
without the R-L network. 

It may be noticed that the values 
of L/R in all these examples do not 
perfectly satisfy the requirement 
that L/R > AT, and that the assump¬ 
tion that equals unity for the 

duration of the pulse is not quite 
true. As a result, the current pulses 
are not constant but droop slightly. 
To fulfill this condition rigorously 
and also have L = it would be 
necessary to choose higher values 
for R and L. Then this droop would 
be practically eliminated, but as R 
is increased, the power supply po¬ 
tential E must be increased, and the 
power loss in R becomes greater. In 
practice, the selection of values of 
R and L is a compromise between 
minimum current droop and mini¬ 
mum power loss. 

The requirement that L = R/C is 
also not critical. When the condition 
L/R » AT is rigorously fulfilled, a 
value of L less than R^C would cause 
the current to rise linearly during 
the pulse, whereas if L were greater 
than /?“C, the R-L network would not 
be entirely effective in minimizing 
the current droop. In some cases it 



FIG. 7—Percent deviation from o constant 
level over a given time can be reduced by 
adiusting the corrective network 


may be better to choose L less than 
R^Cy and L/R of the same order as, 
or even less than, AT so that the cur¬ 
rent, although remaining within an 
allowable percentage deviation from 
a specified mean value, first rises and 
then falls as shown in Fig. 7. 

Pracfieol Design 

Hy more comprehen.sive circuit 
analysis or by experimentation, 
values of R and L can be determined 
for any given set of conditions which 
will permit increase in pulse dura¬ 
tion AT or decrease in the required 
value of storage capacitance up to a 
factor of eight or ten, with very 
small loss of power. To obtain best 
results, the choice of R and L can 
also be influenced to some extent 
by other practical considerations not 
mentioned here. For example, it is 
conceivable that under certain condi¬ 
tions stray capacitance across the 
pulse generator switch and across 
the magnetron may form a resonant 
circuit with L and give rise to unde¬ 
sirable postpulse oscillations. A com¬ 
promise in the choice of R and L may 
be necessary to produce the neces¬ 
sary damping. 

Work was done by B. Chance, R. 
M. Walker, and others at Radiation 
Laboratory and elsewhere on im¬ 
provement in linearity of voltage 
rise across capacitors used in timing 
circuits, beginning in 1942. One 
method employed inductance in 
series with resistance and capaci¬ 
tance, with appropriate tube switch¬ 
ing to select only a small, linearly 
rising portion of the exponential 






174 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 



FIG. 8—A comctiT* network ccm b« mad« 
•atlr«ly ol r«actiT« •lamtntt 


voltage. However, in these low-level 
circuits power loss is usually an un¬ 
important consideration and magni* 
tudes of resistance, inductance, and 
capacitance differ appreciably from 
those recommended by the preceding 
analysis. 

Distipofioalett Cirealf 

Another method for minimizing 
magnetron pulse current drop has 
been suggested both at Radiation 
Laboratory and elsewhere. A. A. 
Varela, Naval Research Laboratory, 
Washington, D. C., described the use 
of an L-C network composed only of 
passive elements L„ L„ and Ci, as 
shown in Fig. 8. The network is used 
in place of the parallel R-L unit. Such 
a network will accomplish the de¬ 
sired result but has the disadvantage 


of requiring one more circuit ele¬ 
ment including a second capacitor of 
medium voltage rating. Although 
this type of pulse-forming network 
is composed of lossless elements, the 
voltage drop during the pulse due to 
the network surge impedance causes 
an effective loss in pulse power 
which is comparable to losses in 
equivalent R-L networks. The en¬ 
ergy remaining in L„ Ci, and L* at 
the end of the pulse may be dis¬ 
sipated in post pulse oscillations. 
Therefore, in view of these consider¬ 
ations, it seems advisable for most 
applications to use the simpler R-L 
network. 


This porN'r ts bantHl on work done for the 
Office of Scientific ItcRearch and Development 
under contract OEMRr-262 with the Kndlatlon 
Laboratory, MaKKnchuaettK Inatitute of Tech¬ 
nology. 


Design of Phantastron Time Delay Circuits 

Detailed step-by-step explanation of how the phantastron circuit provides precision 
microsecond time delays that vary linearly with control voltage. Factors affecting 
performance are analyzed, along with use of control circuits, cascading for longer 

delays, and calibration techniques 

By RICHARD N. CLOSE 
and MATTHEW T. LEBENBAUM 


T he phantastron is a simple elec¬ 
tronic circuit which produces 
a variable time delay free from 
short-time jitter and stable over 
relatively longr periods. In addition, 
the delay is a linear function of con¬ 
trol voltage, so that an accurate cali¬ 
bration is relatively simple. In a 
particular circuit, the ratio of max¬ 
imum to minimum delay attainable 
without sacrificing linearity is of 
the order of 60 to 1. 

The need for time-delay circuits 
has become of importance in the 
past few years with the increasing 
applications of radar and of pulse- 
ty^ navigational aids. In these 
systems, measurement of time in¬ 
tervals to a high order of accuracy 
is required, and a circuit such as 


the phantastron is extremely useful 
for such purposes. 

A simple example will serve to 
illustrate the use of a time-delay de¬ 
vice. Assume two pulses are re¬ 
ceived which are separated by a 
time interval Ht. These are pre¬ 
sented on an oscilloscope as X and Y 
in Fig. lA. The first received pulse, 
X, triggers a time-delay circuit 
which produces a marker pulse Z at 
a controllable time after triggering. 
The marker pulse may be adjusted 
until it coincides with Y. The time 
interval between X and Y may then 
be read as a function of the control 
voltage on the delay circuit. Con¬ 
trol voltage can be obtained from a 
potentiometer, calibrated to read 
At directly. 


A single-shot multivibrator with 
an adjustable width of pulse may be 
used as a time delay with the first 
signal initiating the action, and the 
trailing edge of the multivibrator 
output being used to develop a 
marker. The width of the pulse may 
be controlled readily and so a delay 
time may be introduced. This delay 
multivibrator*'* is simple and the de¬ 
lay is roughly linear with the set¬ 
ting of a linear potentiometer over 
a wide range. However its devia¬ 
tions from linearity (several per¬ 
cent) and short-time instability (of 
the order of 0.6 percent) are definite 
limitations in applications where 
high accuracies are invotved. The 
phantastron, on the other hand, can 
be made linear to about 0.1 percent 
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FIG. 1—^In woTtiorm A* a phcmtoitron trlggtr^d by polM X produces a controUed-poiltlon mcirker puli# Z. To mocnufo timo 
doloy. phantcutroii control Toltogo li lot lo pulso Z oolnddot with Y. Other diagramo hero apply to tho Millor circuit 


of maximum delay and has a short- 
time jitter of less than 0.05 per- 
cent.** Other circuits, such as the 
bootstrap sweep circuit with a com¬ 
parator diode, produce results of 
equal precision, but are consider¬ 
ably less economical in the number 
of tubes employed. 

Mlllsr Swoop CIrcMit 

The heart of the operation of a 
phantastron lies in the production 
of a voltage at the plate which de¬ 
creases linearly wi^ time for al¬ 
most the entire period after the 
initiating trigger. To understand 
the mechanism of this linear varia¬ 
tion, it is useful to analyze in some 
detail another circuit, the so-called 
Miller fed-back time base. This cir¬ 
cuit, shown in Fig. IB, can 
produce an extremely linear time 
base. * 

In the quiescent condition, the 
suppressor is sufficiently negative 
to cut off plate current. The grid 
is at zero because of the positive 
grid return. Except for a very small 
grid current, all of the space cur¬ 
rent goes to the screen. 

If the suppressor is suddenly 
brought up to zero by the trigger, 
the time base is initiated. The cir¬ 
cuit wave forms are shovim in Fig. 
1C. The solid lines are for the case 
of plate current cutoff before the 
plate has bottomed (see the follow¬ 
ing discussion); the dotted lines 
are for termination of the time base 
after bottoming. 

The plate current is the sum of 
the three currents shown in Fig. 


IB: the discharging current i, from 
the stray capacitances, the dis¬ 
charging current u from C,, and 
the current it through the load 
resistance. When the suppressor is 
brought up to zero, a large fraction 
of the space current must flow to 
the plate as in a normal pentode. 
Since the grid side of C, is tied to 
B-f through the large grid resistor 
Kg, the discharging current from 
Cg will be limited to approximately 

EllIRg, 

At the first instant, the strays 
supply most of the plate current, 
which is fairly large since the tube 
was operating at zero grid bias be¬ 
fore the trigger. 

As the strays discharge, the plate 
voltage drops and current flows 
through Rj,, This drop is trans¬ 
mitted to the grid, since the volt¬ 
age across C, cannot change rapidly. 
As a result, space current is re¬ 
duced. Since the plate can only fall 
a few volts before the tube is cut 
off, and because Rt is quite large, 
it will be small. 

An equilibrium point is soon 
reached where the plate current is 
the normal fraction of the existing 
space current, and the fall of plate 
voltage is arrested. 

Actually, the plate voltage contin¬ 
ues to fall, as is shown below, but 
the rate of change of grid voltage 
goes through zero and becomes posi¬ 
tive as Cg discharges through R,, 
This occurs when the rate of fall of 
plate voltage is exactly equal to 
the rate of change of voltage across 
Cg. As the grid rises and space cur¬ 


rent increases, the plate current 
also increases and the plate voltage 
continues to drop, but at a slower 
rate. This drop, reflected to the 
grid through C,. retards the rise 
of grid voltage. It is this feedback 
path which is responsible for the 
almost linear fall of plate voltage 
after the initial jump. 

Miller Iffeet 

One simple way of looking at this 
is to redraw the circuit as in Fig. 
ID and consider what the imped¬ 
ance looking in at the terminals 1-2 
must be. The input capacitance of a 
tube, as expressed by the well- 
known Miller effect equation, is 
C,„ = Cg^ -f C„(l 4- A cos B) (1) 
where is the grid-cathode ca¬ 
pacitance, Cgg is the grid-plate ca¬ 
pacitance, A is the gain of the tube 
and cos B is the phase angle of the 
load (unity for a resistance load). 

Normally, C,,, is extremely small 
in a pentode, but in this circuit we 
have deliberately added a capaci¬ 
tance between plate and grid. Since 
A >>1, the capacitance appearing 
across terminals 1-2 will be very 
closely A x Cg. We have, therefore, 
an RC sweep generator with an ex¬ 
tremely long time-constant, and we 
use only a very small portion of the 
exponential rise in voltage across 
Cm as the input voltage. This por¬ 
tion is so small that it has a prac¬ 
tically linear variation with time. 

Figure IE shows the relative 
shapes of the voltages. The ex¬ 
ponential curve with time-constant 
of RgCg would be the input voltage 
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FIG. 2—Simple pentode phantaetron circuit oi developed in PIG. 3—Pentagrid converter adaptotion of phantostron, with 
England cothode follower 


if Cg were connected from grid to 
ground. With the grid-to-plate con¬ 
nection, the input voltage rise has 
a time constant of A x RyCg, The 
output voltage is simply r,„ times 
the gain. 

More formally, one may express 
the rate of change of plate voltage 
mathematically. This is useful, for 
it shows immediately the necessary 
conditions for linearity, and indi¬ 
cates the region in which we must 
operate the tube in order to obtain 
the best results. 

The variation in plate current of 
a pentode for small grid variations 
may be expressed as 

^ ( 2 ) 

V M#»/ 

where and e, are the instan¬ 

taneous control grid, screen grid, 
and plate potentials, and /i, are 
the screen grid and plate amplihca- 
tion factors respectively, and is 
the plate-control grid transconduc¬ 
tance. If we let Vg be the voltage 
across C„ at any instant, then from 
Eq.2 

L J 

(3) 

Solving for u and^oting that ig 
= H + i, -h icf we obtain 

gm(Etb — ©e “h ^ H—i# 

li, ■■ _ Ptg / _ 

1 *+• QmRL -f- Qm^Ll 

(4) 

In order that dijdt (and there¬ 
fore de,/dt) be constant, each term 
of the denominator of Eq. 4 must 
be constant and the terms of the 
numerator must be constant or vary 
linearly with time. Since Rn is large 


and only a small grid change is re¬ 
quired to produce a large output 
voltage, if operation is above the 
knee of the characteristic of the 
tube, g,„, €,g and are relatively 

constant. The current ic flowing into 
Cg is {Eut. — fg)/Rg, and since the 
change of Cg is small compared to 
Ei. 1 ,, to a high degree of accuracy ig 
is a constant, as follows 

te- ^ (5) 

Kg Kg 

Now, dvg/dt = if/Cgf so from Eq. 5 

we have 

dVc/dt = EJiRgCg ( 6 ) 

During this stage, is falling 
relatively slowly, and i, is small 

compared to i„ if C, >> C„ as it 
is chosen to be. In any event, if e, 
is falling linearly, i, is constant. 

Differentiating Eq. 4 with respect 
to time and multiplying both sides 
by i?,., we obtain 
„ diL dep 

___ Qm^t. _ Stb (T) 

Making the further assumption that 
ixp >>1 and q^Rl >> 1, Eq, 7 
reduces to 

d€p/dt ~ —Egjg fRgEg (3) 

This indicates that if our assump¬ 
tions are valid, the fall of plate volt¬ 
age is linear. The rate of fall is 
easily calculated from the circuit 
parameters. In the circuit shown, 
for example, the fall is approxi¬ 
mately 300 -f- 10* X 100 X 10’“, or 
8 volts per microsecond, 

ieHemiiif of Plate 

When the plate voltage in the 
Miller circuit falls to a very low 


value, our initial assumptions are 
no longer justified. At low plate 
voltages, drops rapidly and fxp 
approaches 1, and the plate drop de¬ 
parts from linearity. At some point, 
the rate of change of Cp becomes 
zero, and the plate is said to have 
bottomed. This is equivalent to 
operating below the knee of the pen¬ 
tode characteristic. In this region a 
drop in plate voltage reduces the 
fraction of space current flowing to 
the plate, so that although the total 
space current is increasing (grid 
voltage rising), the net plate cur¬ 
rent change is zero. At this point 
in the cycle there is no feedback 
through the plate-grid capacitor, 
and the grid now rises towards B-f 
at a rate determined only by the 
simple time constant, Rfi,. This 
increases the total space current 
and screen current until the grid is 
caught at zero by the flow of grid 
current. The initial conditions then 
exist except that the plate voltage 
remains almost constant at its bot¬ 
tomed value. In this circuit, the 
plate can only rise to its initial 
value if the suppressor grid cuts 
off the plate current. 

If this plate current cutoff could 
be made to occur when the plate 
first bottomed, the rise of the grid 
and screen to their initial values 
would be greatly accelerated. The 
increase in plate voltage as plate 
current is cut off would be reflected 
back to the grid, greatly increasing 
the rate of rise of grid voltage. As 
will be shown later, this can be ac« 
complished simply by use of th^ 
phantastron circuit. This sharp rise 
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can then be differentiated and used 
as an output pulse. 

We would then have almost all the 
elements of a time-delay circuit: 
(1) A voltage falling linearly with 
time; (2) A relatively fixed voltage 
at which the fall is arrested; (3) A 
method of obtaining a sharply ris¬ 
ing voltage at this terminating 
point for developing into a marker. 

If we could control the plate volt¬ 
age at which the cycle starts, we 
would have the last element re¬ 
quired, for then the total plate volt¬ 
age drop (and therefore the time) 
is controllable. There remains only 
to investigate the linearity of the 
time delay as a function of the con¬ 
trol variable, and the stability of 
the various stages of the cycle. 

Simple Pentode Pkontostron 

Before this is done, the workings 
of a simple pentode phantastron cir¬ 
cuit will be analyzed in order to 
draw together the principles dis¬ 
cussed above and to indicate where¬ 
in it differs from the Miller circuit. 
The circuit is shown in Fig. 2. 
Control grid initiation is used in¬ 
stead of suppressor grid triggering. 
The initial voltages are shown on 
the schematic, the plate voltage be¬ 
ing determined by the setting of R- 
The plate attempts to rise to B-I-, 
but when its voltage equals that on 
the cathode of T, (which is variable 
from 66 to 246 volts), T, conducts, 
catching the plate at that voltage. 
This is the usual method of con¬ 
trolling the starting voltage of the 
cycle, and for the values given in 
this circuit, controls the delay from 
about 20 to 75 microseconds. Since 
Ti is conducting, it holds the phan¬ 
tastron grid at 37 volts. The sup¬ 
pressor is at 20 volts, determined 
by a bleeder chain; it is almost 20 
volts negative with respect to the 
cathode, cutting off plate current. 

Following the British custom, the 
sequence of phantastron operation 
will be divided into six stages. The 
conditions set forth above char¬ 
acterize the quiescent period, stage 
VI. When a negative trigger of 
approximately SO volts peak with a 
steep leading edge is applied to the 
grid of r. through 7„ stage I is 


initiated. Since bias resistor is 
not bypassed, the voltage on the 
cathode follows the grid voltage as 
in a cathode follower. Drop in cath¬ 
ode voltage is equivalent to a sup¬ 
pressor voltage rise, and at some 
point plate current begins to flow. 
The resulting drop in plate voltage 
is reflected through to the grid. 
This stage will then be recognized 
as the initial-jump period of the 
Miller time base. Only one point of 
difference is important: the grid 
(and therefore the plate) must fall 
considerably farther than in the 
Miller circuit to establish the first 
equilibrium point because the cath¬ 
ode voltage follows closely the grid 
voltage, the actual bias developed 
being equal to Ae,(l-A) where 
is the change in grid voltage, and 
A is the gain of the tube as a cath¬ 
ode follower. This initial jump is 
of the order of 30 to 40 volts, de¬ 
pendent upon the setting of the 
control voltage. 

With plate current equilibrium 
established, stage II begins. Dur¬ 
ing this stage, the plate voltage 
drops linearly in exactly the same 
fashion as in the Miller circuit. It 
should be noted that T, and T, are 
both cut off after the initial trigger 
by the drop in grid and plate voltage 
respectively, and are cut off during 
stages I, II, III, and IV. The tube 
bottoms at the end of stage II. 

Stage III is the period during 
which the grid voltage rises towards 
the supply voltage with time con¬ 
stant RiCsf as discussed previously. 
During this stage, the plate current 
change is practically zero, and plate 
voltage remains almost constant. As 
the grid voltage (and therefore, 
cathode voltage) rises, the sup¬ 
pressor falls with respect to the 
cathode. The end of stage III is 
defined as the point where the sup¬ 
pressor voltage has fallen suffi¬ 
ciently to commence cutting off 
plate current. 

During stage IV, the grid rises 
rapidly, as the plate rise is reflected 
onto the grid. It is during this stage 
that the useful output is developed, 
since the cathode voltage is rising 
steeply enough to trigger a marker 
circuit, such as a conventional block¬ 


ing oscillator. Stage IV ends when 
the grid rises to the voltage on the 
cathode of T,; this diode conducts, 
catching the grid. 

In stage V, the plate voltage rises 
till it is caught by Ta, and the cir¬ 
cuit is ready for triggering again. 
The speed with which the plate can 
return to its initial value so that 
the circuit can be triggered again is 
determined by the rate at which 
grid-plate coupling capacitor C, and 
the strays from plate to ground can 
be charged through the load resist¬ 
ance. 

In this phantastron. then, it is 
possible to obtain an output delayed 
in time from the initiating trigger 
by 20 to 75 microseconds, depending 
on the setting of the 50,000-ohm 
linear potentiometer. This delay is 
closely a linear function of the po¬ 
tentiometer setting. 

Penfoqrld Phantastron 

Chance and his associates at the 
MIT Radiation Laboratory adapted 
the original pentode phantastron 
(developed by the Telecommunica¬ 
tions Research Establishment, Gt. 
Malvern, Worcs., England) to the 
American type 6SA7 pentagrid con¬ 
verter.® In this pentagrid circuit, 
shown in Fig. 3, grids 2 and 4 (tied 
internally)* are used as the screen 
grid, grid 3 is used as the grid con¬ 
trolling plate current (the suppres¬ 
sor grid of Fig. 2), and grid 5 is 
used as a normal suppressor grid 
(tied to cathode). 

One of the advantages of the 6SA7 
is that the characteristic ex¬ 
hibits a very sharp cutoff. During 
stage IV, then, when the suppressor 
voltage drop begins to cut off the 
plate current, the rate of cutoff 
(and therefore the rate of rise of 
plate voltage) is more rapid than in 
the normal pentode. This plate 
voltage rise, reflected to the grid, 
causes the cathode voltage to rise 
steeply, producing a sharply defined 
output pulse. 

The addition of the cathode fol¬ 
lower allow^s the plate to return to 
its initial value much more rapidly 
than in the simple phantastron. In 
the latter circuit, the grid-plate 
coupling capacitor and strays must 
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FIG. 4—PhantoitTon waveiormi, diTid«d 
Into ilx at 09 «g according to Britlah cuitom. 
Stogo VI it quioacont condition 


charge through the high load re¬ 
sistance. With the cathode follower 
circuit of Fig. 8, the cathode fol¬ 
lower charges C, and only the strays 
charge through Rl, so the rate of 
rise of plate voltage is extremely 
rapid. The wave forms in this phan- 
tastron are shown in Fig. 4. 

MaximHni Duty Cycio 

The duty cycle is defined as the 
ratio of delay time to the time be¬ 
tween successive triggers. Since 
the recovery is an exponential 
charging toward B-f-, the maximum 
control voltage is normally limited 
to less than 90 percent of the sup¬ 
ply voltage; otherwise, the recovery 
time would be undesirably long. 
When this limitation exists in the 
simple circuit of Fig. 2, the recov¬ 
ery time at maximum delay approx¬ 
imately equals the delay time (50 
percent duty cycle). 

If a cathode follower is used to 
charge Cg during recovery (stage 
V), the duty cycle is limited only by 
the time required to charge the 
stray capacitance between the phan- 
tastron plate and ground through 
the large plate resistor as mentioned 
above. 

Maxlmam Delay 

If the phantastron is pressed be¬ 
yond the maximum permissible duty 
cycle (stage V incomplete), the de¬ 
lay is no longer a linear function of 
the control voltage; if pressed far 
enough, erratic triggering will re¬ 


sult. In cases where 100 percent 
duty cycle is required, two phantas¬ 
tron delays may be employed in 
series, or a fixed video delay line 
may be inserted in series with the 
phantastron trigger. 

The maximum delay may be cal¬ 
culated from the approximate for¬ 
mula 

where is the maximum value of 
control voltage and is the mini¬ 
mum control voltage which results 
in delay (40 to 60 volts). 

Minimum Dnioy 

When the phantastron is trig¬ 
gered by a positive trigger applied 
to grid 3, the delay may be reduced 
smoothly to zero by continuously 
lowering the control voltage. When 
a negative trigger is used, the mini¬ 
mum delay is a function of the trig¬ 
ger width and amplitude. In either 
case, however, linearity of the de¬ 
lay with control voltage begins to 
suffer when the value of delay be¬ 
comes less than 2 percent of the 
maximum delay. 

Linaority 

A linearity error of ±:0.1 percent 
of when is greater than 
200 microseconds, is obtainable un¬ 
der laboratory conditions, while a 
linearity error of 0.25 percent has 
been achieved in mass production. 
Linearity error is defined as the 
maximum difference between the 
actual delay and the delay value de¬ 
termined by straight-line interpola- 


Toble I—^Nonlinearity Errors in 
SOO-Microsecond Phantastron 


Cuuse of Error 

Approxi¬ 

mate 

Nonlinearity 

Introduced 

Variation of duration of 
stage I with control 
voltage 

+0.1% 

Variation of magnitude 
of stage I 

-0.4% 

Nonlinearity of slope and 
variation in bottoming 
voltage in stage II 

+0.1% 

Variation of duration of 
stage III 

-0.8% 

Control voltage potenti¬ 
ometer loading 

+1.0% 


tion between two calibration points 
located near the maximum and mini¬ 
mum delays respectively. The lin¬ 
earity obtainable becomes poorer 
as the value of T„,x decreases. Thus, 
for a phantastron operating be¬ 
tween 3 and 50 microseconds, 0.5 
percent linearity error is the small¬ 
est easily attainable. 

In order to obtain the above lin¬ 
earities, careful selection of circuit 
values is necessary. This is par¬ 
ticularly true since there are un¬ 
avoidable nonlinearities in the vari¬ 
ous phases of operation whose 
effects can be eliminated only by 
carefully balancing as closely as 
possible one against the other, and 
deriving the necessary additional 
compensation from the loading of 
the control voltage potentiometer 



FIG. S—'Phoaloilron timg dalay cireiill providing 240 mlcroiooondf moxtanim doloj. 
Bofiotor typM tpoclilod givo tho roqnlrod tonporoturo oonkponootien. Botti poloo 
translofmoft an Vtoh X124-T2 or oqiiivoloat 
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FIG. 6—^Phcmtaftron delay circuit with cathode follower and gate output, prorldlng 
60 to 3.000 microeecondi delay. Pulie traneformere are the eome type ae In the 

circuit of Fig. 5 


iron calibration over the tempera¬ 
ture range of — 50C to -f70C, with 
most of the variation at the ex¬ 
tremes of temperature. 

If it is desired to reduce the tem¬ 
perature effect over moderate 
ranges of ambient temperature, the 
types indicated in the table should 
be satisfactory. If a more rigid 
compensation is desired, it is recom¬ 
mended that an investigation be 
made for that purpose. This is par¬ 
ticularly true since thelocal temper¬ 
ature surrounding each component 
is the significant factor in deter¬ 
mining its behavior, and this de¬ 
pends greatly on chassis layout. 

Snpply Voltog# ond Tube Voriatleiit 


by the phantastron plate resistor. 
Table I summarizes these sources of 
nonlinearity and roughly indicates 
their magnitude and direction for 
the case of a SOO-microsecond phan¬ 
tastron. 

Particularly important in obtain¬ 
ing good linearity are the values of 
quiescent screen voltage (on grids 
2 and 4), the second control grid 
voltage (on grid 3), and the values 
of the plate and cathode resistors. 
Table II gives recommended com¬ 
ponent values for four different 
values of maximum delay.* Obvi¬ 
ously, if the linearity of the phan¬ 
tastron is to be utilized, a calibrated 
potentiometer or other type of con¬ 
trol circuit of very high accuracy 
must be employed to convert voltage 
into a dial reading or a mechanical 
computer input. 

Tgmpgrofurg Compgnsation 

To retain linearity and calibra¬ 
tion at widely different ambient 
temperatures, special care must be 
exercised in the choice of resistor 
and capacitor types used. Types in¬ 
dicated in Table II and in the cir¬ 
cuit diagrams of Fig. 5 and 6 were 
chosen so that the effects produced 
by their variation with temperature 
would balance as nearly as possible. 
Both positive and negative coeffi¬ 
cient resistors and capacitors are 
specified. 

Unfortunately, it has been found 
difficult to reproduce results of tem¬ 
perature cycling tests when tem¬ 


peratures are carried to the 
extremes required by Service 
specifications. Apparently, a hys¬ 
teresis type of effect or permanent 
change in temperature coefficient of 
some of the standard carbon resist¬ 
ors occurs which upsets the compen¬ 
sation after several temperature ex¬ 
cursions. Also, variation in the 
temperature coefficients of the car¬ 
bon resistors from lot to lot is com¬ 
mon. The best results achieved in 
practice showed a variation of 
roughly 0.5 percent in the phantas- 


Variation of the plate supply volt¬ 
age over a it 10 percent range pro¬ 
duces a change in the delay value of 
roughly ±0.1 percent of maximum 
delay. Variation of heater voltage 
over a ±10 percent range produces 
roughly a ±0.1 percent change, but 
in the opposite direction. For this 
reason an unregulated supply is 
normally used with the phantastron, 
since heater and plate-voltage 
changes very nearly compensate for 
one another when the line voltage is 
altered. The control voltage must 


Tabl« II—^Recommended Voluee of Phcmtostron Circuit Components 


Ebb *4 3007 



HcsLstor 
Type for 

Para- Temp 500 *-a4»oc 2,500->Msec lO.OOO-Msec 50,000-^800 

meler Cornp Phantastron Phantastron Phantastron Phantastron 

/?! BT 68,000 ( 2w) 68,000 ( 2w) 50,000 ( 2w) 50,000 ( 2w) 

Ht WW 5,600 ( Iw) 6,200 ( Iw) 5,000 ( Iw) 5,000 ( Iw) 

/?, WW 20,000 (lOw) 20,000 (lOw) 15,000 (10w) 15,000 OOw) 

Hi /BT 50%\ 8,200 ( Iw) 6,200 ( Iw) 5,600 ( Iw) 5,600 ( Iw) 
\Erie 50%/ 

Rl BT 1 meg (Iw) 2 meg (Iw) 5 meg (Jw) 5 meg (Jw) 

Rfi WW 0.1 meg (2w) 0.1 meg (2w) O.l meg (2w) 0.1 meg (2w) 

C, /-90 AiMf 475 m/ 5 2.000 /*Mf 5,000 mmT 

\ Temp roeff N150 N150 N270 N270 


Toler¬ 

ance 

5% 

5% 

5% 

5% 
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(A) 

ZERO CALIBRATION ADJUSTMENT! 



.calibrated potentiometer voltage 
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v it,;y ii ir> wrr . 

R, R, 

‘^«'R,(R,*Ra)*R,R5 
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K.-O 2667 

AND 
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FIG. 7—A gimple control circuit for the 
phontaitron ii shown at A« with a voltage- 
addition network tor the same purpose at 
B and, ot C, a simplified version of the 
nerwork that neglects the diode and 


be derived from voltage-divider 
type networks operating from the 
same supply as is used for the phan- 
tastron circuit itself, so that it 
drifts exactly in proportion to the 
plate and screen voltages. 

Linearity is not adversely af¬ 
fected by change of tubes, but cali¬ 
bration may change several percent. 
Calibration adjustments are pro¬ 
vided in the control circuit for this 
reason. 


Trigger Requirements 

A trigger of at least 30 volts am¬ 
plitude is recommended. A positive 
trigger may be supplied to grid 3 or 
a negative trigger supplied to grid, 
plate, or cathode. Injecting the trig¬ 
ger through tha control voltage 
diode has the advantage of remov¬ 
ing the effect of the triggering cir¬ 
cuit once the operation has begun. 
The 10,000-ohm resistor shown in 
series with the diode (Fig. 5) is 
provided in order to isolate the 
trigger from the stray capacitance 
which exists if the control voltage 
lead travels any appreciable dis¬ 
tance to the control circuit, which 


may often be in a remote location. 
A duration of at least 2 microsec¬ 
onds is recommended for the posi¬ 
tive trigger to ensure reliable oper¬ 
ation. The negative trigger may be 
somewhat shorter. 

Control Circulfi 

As has been mentioned previ¬ 
ously, the control circuit is a net¬ 
work designed to produce a voltage 
varying from roughly 50 volts, 
where plate bottoming and hence 
zero delay occur, to a value some¬ 
what less than the supply voltage. 
This voltage may be derived from 
a calibrated potentiometer used in 
a voltage divider circuit, as in Fig. 
7A. The rheostats in series with 
each end of the potentiometer are 
varied until the voltages at the ends, 
or at two calibration points near 
the ends of the potentiometer, are 
correct. Since the rheostats inter¬ 
act on each other, several successive 
settings of each rheostat must be 
made before a solution is converged 
upon. 

In certain applications it is de¬ 
sired to produce the control voltage 
from an electronic computer whose 
output may be the sum or product 
of several variable quantities. Here 
it is often inconvenient or impossi¬ 
ble to supply the 50 volts of zero- 
delay voltage in the simple way de¬ 
scribed above. 


Figure 7B shows a resistance 
mixing or linear voltage addition 
network which allows the addition 
of any number of variable or fixed 
voltages to produce the desired con¬ 
trol voltage. The plate resistor of 
the phantastron is considered as 
part of the network and is actually 
used to contribute most of the zero 
voltage by the current it draws 
from the network. 

Figure 7C is an equivalent circuit 
of the adding network. The diode 
resistance and the 10,000-ohm trig¬ 
ger isolation resistor are ignored 
since they have no effect on linearity 
and have only a second-order effect 
on the calibration, which may be 
ignored initially. 

As seen from the equations in 
Fig. 7C, the resultant voltage on the 
phantastron plate is composed of 
definite fractions of the calibrated 
potentiometer voltage the supply 
voltage and the zero calibration 
potentiometer voltage E.,, When the 
calibrated potentiometer arm is 
grounded, the zero-calibration po¬ 
tentiometer contribution plus the 
supply voltage contribution should 
produce the voltage required for 
zero delay. A slope calibration ad¬ 
justment is also provided in aeries 
with the top end of the calibrated 
potentiometer. These two adjust¬ 
ments are virtually independent of 
one another. 



FIG. B—Crystol-controlled trigger source and aeon lanp eoliieldeiice eoUbrotlttg 
dfcult for use In eenluaetlon with o phoatostioa dekqr* All pulse Masientteni an 
On same type ns In the rireult ol Fig. S 
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FIG. 9—In two-ftcale d^lay circuit itcp- 
delay phontastron produces uniformly 
spaced pips to trip ▼emier phontastron 


If desired, additional branches 
may be supplied to add additional 
voltages, and the slope calibration 
rheostat may be used as a multiplier 
control to multiply the calibrated 
potentiometer reading by any de¬ 
sired factor. If the latter is done, 
the slope calibration rheostat should 
be replaced by a low-impedance po¬ 
tentiometer connected across the 
supply voltage, in order not to 
change the impedance at the slider 
of the calibrated potentiometer. 

The phantastron exhibits sizable 
calibration drifts with ageing of 
tubes and should be calibrated 
against a frequency standard or 
other timing standard at intervals 
of 20 to 50 hours of operation. 
Figure 8 shows a crystal-controlled 
timing circuit and a calibration in¬ 
dicator which may be built into the 
phantastron chassis for this pur¬ 
pose. It consists essentially of a 
crystal-controlled oscillator syn¬ 
chronizing a frequency-divider 
chain which produces a trigger at 
a submultiple of the oscillator fre¬ 
quency. This trigger is used to 
trigger the phantastron and any ex¬ 
ternal equipment it is desired to 
synchronize with it. 

The oscillator has a frequency of 
80.86 kc, so that negative synchro¬ 
nized pips 12.37 microseconds apart 
(exactly one nautical mile of radar 
range) are produced at the output 


of These pips are fed into the 
cathode of which is normally 
biased well beyond cutoff, and are of 
sufficient amplitude so as to bring 
the grid almost up to cutoff. In this 
condition, a positive pulse applied 
on the grid will cause conduction of 
plate current and will appear ampli¬ 
fied at the plate. A positive pulse 
appearing at any other time will not 
appear at the plate unless it is of 
very large amplitude. 

A large time constant composed 
of an 0.01-/^f capacitor and a 10- 
megohm plate resistor is used in the 
plate circuit so as to integrate the 
amplified pulses into a steady d-c 
voltage. The voltage is directly cou¬ 
pled to the grid of which is 
essentially a cathode follower nor¬ 
mally biased so as to draw sufficient 
current to light the 0.25-watt neon 
bulb in its plate circuit. 

The delayed pulse controlled by 
the phantastron circuit is fed into 
the grid of F*,. As the delay is ad¬ 
justed so as to coincide with the 
first one-mile interval of the pip 
generator, the phantastron delayed 
pulse comes into coincidence with 
the first one-mile pip and a voltage 
is built up across the plate load. 
This lowers the bias on Vu and 
causes the neon lamp to dim. The 
bias on Vot is set so that the lamp 
does not completely extinguish, 
since the voltage required to restart 
the glow discharge is appreciably 
higher than its extinction voltage, 
and dead space or electronic back¬ 
lash would be introduced. 

By selecting two crystal-con¬ 
trolled pips—one near each end of 
the delay range to be covered—the 
zero and slope may be set by setting 
the calibrated potentiometer to read 
the proper value and adjusting the 
calibration adjustments until the 
neon lamp dims. The one-mile pip 
is used rather than the zero pip 
since the phantastron is nonlinear 
in the region of zero delay. The 
proper pip may be chosen by count¬ 
ing the number of times the light 
blinks as the calibrated potentiom¬ 
eter is turned through its range. 

Csseade Oelay 

Where a long delay of very high 


precision is required, the 0.1-per¬ 
cent accuracy of the phantastron 
may be improved by using two or 
more of them in a cascade delay 
(Fig. 9). The first phantastron is 
controlled by a step-type potentiom¬ 
eter calibrated so as to produce 
equal increments of delay as it is ad¬ 
vanced from one position to the 
next. The output of this phantas¬ 
tron fires a narrow selector gate 
which is injected into the cathode 
of a coincidence amplifier. Crystal- 
controlled pips are fed into the grid, 
and the desired pip appears ampli¬ 
fied at the plate. The position of 
this pip is independent of the cali¬ 
bration errors of the phantastron 
(so long as these are not larger than 
half the width of the selector gate), 
and is accurate within the precision 
of the crystal oscillator. This accu¬ 
rately delayed pip is then used as a 
trigger for the second or vernier 
phantastron, which covers the time 
interval between pips. In this way a 
long time interval can be measured 
with the precision normally 
achieved in measuring a much 
shorter time interval. One of the 
drawbacks encountered in this 
method is the nonlinearity of the 
vernier phantastron at the lower 
end of its range. This can be over¬ 
come by overlapping the vernier 
phantastron into the second pip 
interval. 


riG. 10—^Bleck diagram of procUlon pheuio- 
•hlft dolay circuit using a phantastron 
as on ombiguity rosolvor 
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A more convenient type of two- 
scale delay employs a precision RC 
phase-shift network to shift the 
phase of the crystal oscillator con¬ 
tinuously through 860-degree cycles 
(Fig. 10). This produces a set of 
synchronized pips which appear to 
travel continuously in time as the 
capacitor is rotated continuously 
through many cycles of phase shift. 
By using a phantastron and selector 
gate to follow a particular pip and 
exclude all others, a continuously 
variable delay of high precision is 
obtained. In practice, the phase- 
shift capacitor is geared mechan¬ 
ically through a speed reduction box 
to the phantastron control voltage 
potentiometer so as to provide 
tracking. 

Automotic Tracking 

Where it is desired to measure a 
changing time interval continu¬ 
ously, such as in an antiaircraft 
radar, the delayed pip may be made 
to follow the target pulse auto¬ 
matically. A simple version of such 
a system is shown in Fig. 11. Two 
gates adjacent in time, called the 
early and late gates respectively. 


are positioned by the phantastron. 
Through an electronic or electro¬ 
mechanical servo loop the phantas¬ 
tron voltage is continuously ad¬ 
justed so as to keep the target pulse 
exactly split between the early and 
late gate. 

The area of the pulse falling in 
the early gate is measured by a co¬ 
incidence amplifier gated by the 
early gate, while the area falling in 
the late gate is measured by a coin¬ 
cidence amplifier gated by the late 
gate. The two coincidence amplifier 
d-c voltages may then be used to 
operate a small d-c motor which 
through suitable gearing turns the 
range voltage potentiometer (and 
phase-shift capacitor in the case of 
a two-scale delay) so as to correct 
the position of the gates. 

Adequate damping must be em¬ 
ployed to prevent oscillation or 
hunting of the servo system. Rate¬ 
measuring circuits may be included 
in conjunction with memory circuits 
to maintain a continuous rate of 
change of delay in absence of signal 
or when the scanning radar beam 
is off the target. 



FIG. 11 —Block diagram and timing dia¬ 
gram of a phantaitron doloy for automatic 
tracking of moving radar Bignoli 
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Seif-Switching R-F Amplifier 


Multivibrator circuit using two pentodes amplifies and 
automatically switches two circuits into common indicator 
for direction finding and similar uses. Design considera¬ 
tions, switching ratios, and input resistance variations are 

discussed 


By H. M. WAGNER and J. F. HERRICK 


C ERTAIN TYPES), 6f electronic 
equipment require the switch¬ 
ing of radio-frequency energy 
between two circuit elements. Ex¬ 
amples of such equipment are radio 
direction finders and beacons, for 
which various mechanical and elec¬ 
tronic means have been employed 
to accomplish the desired switch¬ 
ing. 

This paper presents a few of the 


observed and measured character¬ 
istics of a particular multivibrator 
type of switch, including the meas¬ 
urement of the instantaneous input 
resistance. While the measure¬ 
ments reported were made at fre¬ 
quencies between 20 and 60 mega¬ 
cycles per second, the same general 
type of circuit can be used at lower 
or higher frequencies. 

A schematic diagram of the elec¬ 


tronic switch on which tests and 
observations were made is shown 
in Fig. 1. The tubes function both 
as an amplifier for radio frequen¬ 
cies in the range from 20 to 60 
megacycles per second and as an 
audio-frequency generator at ap- 
proximatdy 200 ^elea per second. 
The circuit appears similar to that 
of a conventional r-f amidlfiar. 
However, in contrast to regular 
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represent fixed voltages applied for 
calibration purposes. All voltage 
outputs were applied directly to the 
plates of an oscilloscope having 20 
megohms internal resistance. 

The high plate potentials of ap¬ 
proximately 150 volts correspond 
to the cutoff condition of the tube. 
The low plate potentials correspond 
to the oi)erating interval. The po¬ 
tentials on the tube during the con¬ 
ducting period determine at any 
instant its operating characteristics 
as an amplifier. 

The contour of the grid voltage 
variation demonstrates the grid- 
voltage limiting action which tends 
to maintain nearly zero bias on the 
grid during the conducting period. 
During the conducting period the 
input resistance of the control grid 
is low in comparison to the current- 
limiting resistance R ; and the grid 
voltage goes positive only a very 
small fraction of the voltage applied 
at the other end of R (compare Fig. 
r-f amplifiers having fixed operat- frequencies, it is advisable to ex- 2 C and D or Fig. 3 C and D). It is 
ing potentials, the amplification amine the performance of the desirable to keep this positive 
here is accompanied by cyclical switch simply as an audio-fre- swing as small as possible, both for 
changes in bias and operating po- quency oscillator. In order to do the sake of the a-f waveform and 

tentials imposed by the voltages of this, oscillograms of the voltage to minimize r-f input circuit load- 

multivibration. pattern at each electrode (anode, ing that increases with the grid 

A resistor R in series with capac- screen and control grid) of one current. The grid current may be 
itor C form the audio-feedback path tube, and at the junction of the determined from the oscillograms 
between the plate-screen of each feed-back capacitor C and resistor which give the voltages at either 

tube and the grid of the other tube. R were recorded. Separate tests end of resistor R, The peak grid 

This resistor serves the dual pur- were made using values of 100,000 currents are 300 microamperes, 76 
pose of preventing r-f coupling be- ohms, 820,000 ohms and 2 megohms microamperes and 33 microamperes 
tween tubes and of limiting the d-c for R. The results for the first two when R is 100,000 ohms, 820,000 
grid current. Its value has an im- cases are shown in Fig. 2 and 3. ohms, and 2 megohms respectively, 
portant effect both on the multi- Horizontal lines in each oscillogram (The variations in grid current 
vibrator wave shape and on the 
input impedance of the switch. If 



FIG. 1—Schematic circuit dlooronn of multlYlbrotor switch 


r-f decoupling were the only con¬ 
sideration, a choke might be used 
in place of this resistor. A bypass 
capacitor from the screen-grid to 
ground is needed for r-f amplifica¬ 
tion but tends to reduce the sharp¬ 
ness of the square wave multivi¬ 
brator voltages. The capacitor used 
should be large enough to provide 
r-f bypassing but small enough to 
maintain square-wave sharpness. 

Multivibrafor VolHiqe sad Wove 
PerlRt 



FIG. 2—^Whon B U 100.000 ohms tho mul- FIG. 3—^Whon B Is 820.000 ohms the mulU- 


^ ^ i. j 2 4 . 1 . 4 tivibrator voltogss oro os shown: (A) at vibrator voltagos oro os follow^: (A) ot 

Before studying tfte performance ^m^do. (B) ot sorooa. (Q at grid. (D) at anods. (B) ot serosa. (C) ot grid. (D) at 
of the multivibrator switch at radio fmictioa of B and c junction of A ond c 
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FIG. 4—SdiMnatIc drcoH diagram ol th* r«e«iT«f uiod for moastirlng charactorlitles 
of Iho ■witch, ond block diagram of tost eonnoctioni 


throughout the conducting portion 
of the cycle are shown in Fig. 7G. 
The magnitude of the peak grid 
current and the rate at which the 
grid current drops throughout the 
cycle increase as the value of R 
is decreased.) 

Ampliaeation Ckaracforlsfici 

Since the state of multivibration 
imposes varying potentials of ap¬ 
preciable magnitude on the elec> 
trodes of the tube, the r-f amplifica¬ 
tion may be expected to vary also. 
The amplification has been investi¬ 
gated using the arrangement shown 
in Fig. 4. Because the r-f voltages 
used are at too high a frequency to 
apply directly to the usual oscillo¬ 
scope, the output of the switch is 
first fed to a superheterodyne re¬ 
ceiver that converts the r-f to a 
lower frequency. 

Figure 5 is a typical oscillogram 
obtained when the input signal is 
from a low impedance source (B, 
approximately 20 ohms). Under 
these conditions the input signal 
remains practically constant and 
independent of the connected load. 
Hence, any variation in signal out¬ 
put results from the amplification 
characteristics of'the switching 
tube. The variations in height of 
the r-f envelope presented on the 
scope indicate the variations in r-f 
amplification of the switch. As can 
be seen, the amplification remains 
relatively constant throughout the 
conducting portion of the multi¬ 
vibrator cycle, in spite of the appre¬ 
ciable variations in plate and screen 
voltages (shown in Fig. 2 and 8). 


The waveform of the r-f envelope 
is essentially rectangular and has 
steeper sides than those of the cor¬ 
responding multivibrator plate and 
screen voltages. 

Swlfeking Rofio Ckoracfaritfiet 

Switching ratio is defined as the 
on-off ratio of r-f voltage appearing 
at the output circuit, and is meas¬ 
ured from an oscillogram such as 
Fig. 5. Dimension A corresponds 
to the r-f voltage available when 
the switch is closed; when the tube 
is functioning as an r-f amplifier. 
The distance B corresponds to the 
r-f voltage leaking through the 
switch when it is open; that is, 
when the tube is cut off. 

One technique used in measuring 
switching ratios involves the meas¬ 
urement of four factors as shown 
in the following 

switching ratio -- {A B)iA’/c/^a) 

( 1 ) 

in which A and B are the measured 
oscilloscope deflections indicated as 
A and B in Fig. 5, and Ea and Eb 
are the output readings of the sig¬ 
nal generator in microvolts when 
measuring the heights of A and B 
respectively. 

If desired, the measurements can 
be reduced to two quantities as 
follows; The deflections A and B 
may be measured for a constant 
signal-generator voltage (Ea^^E,), 
or the signal-generator voltages, 
Ea and E,, may be recorded for 
equal oscilloscope deflections (A := 
B). The former procedure pre¬ 
sented a practical difficulty because 
the deflection B was smaller than 


the thickness of the normal oscil¬ 
loscope trace. In the latter pro¬ 
cedure the deflection should be 
chosen so that its magnitude in¬ 
sures reliable readings without 
overloading the receiver. Under 
the conditions of this particular ex¬ 
periment it was found advisable to 
measure all four quantities. 

As a check on the method used, 
the switching ratio was measured 
under simulated conditions with 
multivibration stopped by biasing 
one tube to cutoff. The factor by 
which the signal had to be increased 
in order to equal the height of the 
oscillogram when the tube was op¬ 
erating as an r-f amplifier was 
taken as the switching ratio. The 
results were approximately the 
same as those measured under con¬ 
ditions of multivibration. 

Representative values for switch¬ 
ing ratios obtained with the circuit 
arrangement used (Fig. 4) were 
170 at 28 megacycles and 65 at 60 
megacycles per second. 

iapaf ReiiitaBce 

When the output impedance of 
the source of constant signal is 
made comparable to the input im¬ 
pedance of the switch, for example, 
by inserting a series resistor, the 
r-f envelope departs considerably 
from that obtained when the source 
impedance is negligible. Figure 6 
shows pairs of oscillograms which 
demonstrate such departures. The 
left-hand oscillograms designated 



FIG. S—JlmplIficMttioii eharaeterlBtics oad 
oM-mi ratio of Iho Bwllch ot 10 me whoa 
B Is tIOAOO ohsM 
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FIG. 8—Radio<fr*qu«iicy •nvelopeg produced by twitch under rarylnq circuit 
conditions. Eoch left-hand picture (A), was obtained with the switch input connected 
to o low-impedance source, while at the right (B) it wos connected to a 3.000-ahm 

source 


by the letter A show the character¬ 
istic amplification pattern with R, 
approximately 20 ohms, which is 
negligible; the right-hand oscillo¬ 
grams designated by the letter B 
show the corresponding results 
when R» equals 3,000 ohms. In the 
latter case, R» and the input resist¬ 
ance of the switch form a voltage 
divider that reduces the r-f voltage 
available for amplification. The 
input resistance of the switch 
varies continuously throughout the 
conducting portion of the multi¬ 
vibrator cycle as demonstrated by 
the fishtail shape of the right-hand 
oscillograms. 

The particular application con¬ 
templated when this investigation 
was undertaken was such that the 
switch input would come from a 
push-pull circuit tuned to the r-f 
signal. For this reason a tuned 
input circuit (Fig. 4) was chosen 
to simulate the expected condition 
of operation. Since the circuit is 
tuned to the signal frequency, the 
reactive component is tuned out, 
except for a slight variation in 
input capacitance during the 
switching cycle, and the resistive 
component of the input impedance 
is measured. 

The input resistance actually 
measured is that between one end 
of the tuned circuit and ground 
rather than that across the tuned 
circuit. It is the combined load of 
operative tube, inoperative tube, 
and circuit. Care was taken to bal¬ 


ance the input circuit and the 
switch. The input resistance is 
measured in the following manner: 
first a signal voltage is applied di¬ 
rectly to input 1 or input 2 (Fig. 
4) from a generator of negligible 
internal impedance. The microvolt 
reading of the signal generator is 
the actual voltage applied. The 
height of the resulting square wave 
envelope is observed on the oscillo¬ 
scope. Then a known resistance is 
placed in series with the signal gen¬ 
erator and input 1 or input 2, thus 
producing an oscillogram having a 
fishtail contour. If the generator 
microvolt-reading is kept the same 
as before, then the difference be¬ 


tween the height of the .square wave 
and the height of the fishtail at any 
instant serves as a measure of the 
voltage drop acros.s the known re¬ 
sistance in serie.s with the signal 
generator. The.se data may be used 
to calculate the input resistance of 
the switch at any instant of the 
cycle, as given by the following 
equation 

Input resistance— 

R./l{Ho/H^) ^ 1 ] ( 2 ) 

in which Ho is the height of the 
grid voltage-current curve for the 
particular tube was established. 
The slope of this curve was meas¬ 
ured to determine the d-c incre¬ 
mental input resistance. The val¬ 
ues of grid current, at which the 
slope was determined, were 300, 75, 
and 33 microamperes, which are the 
peak grid currents as determined 
above. It was found that the d-c 
incremental input resistances thus 
determined were of the same order 
of magnitude as the minimum r-f 
values. 

StroigM Ampllfiar Cemparlfon 

A comparison was made of the 
input resistance of the tubes dur¬ 
ing multivibration and of the same 
pair of tubes operating as an r-f 
amplifier (nonswitching). This was 
done in order to ascertain how the 
instantaneous impedance of a multi¬ 
vibrator deviated from the familiar 



FIQ. 7— -<A) thowt Input rattetanc* of tho twitch ert 28 me; (B) thot ot 80 me. Grid 
corront It thowa In (C). TImo Intorvol it tht cycl# of oondoetioa of oithor lubt. 
which It about 2.5 mUlIttcondt whon R it 820.000 ohmt 
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FIG. 8—Successive radlo^requencT en¬ 
velopes produced by the switch lor per- 
oUel output connection at SO me when B 
is 100.000 ohms. At (A) the switch is 
connected to a low-impedance source; at 
(B) to o 3.000-ohm source 

constant input impedance of an r>f 
amplifier. Measurements of input- 
resistance were made when i? = oo, 
that is, when the grid current was 
negligible. Fig. 7A and 7B indicate 
the results of these measurements 
by the horizontal lines marked 
R = Qc. These lines show that at 28 
megacycles per second the input 
resistance of the switch is lower, 
throughout most of the switching 
cycle, than while functioning as an 
r-f amplifier. At 60 megacycles per 
second the input resistance is lower 
or higher depending upon the value 
of the feedback resistor R, 

The prime cause for low input 
resistance of the switch is the fact 
oscillogram at a particular instant 
of the cycle for negligible imped¬ 
ance of the signal source, and Hn 
is the height at the same instant of 


the cycle when a known impedance 
R, is placed in series with the sig¬ 
nal generator. The heights used in 
the formula should include correc¬ 
tion for the thickness of the oscil¬ 
lograph line. 

Varloflen During Swltebing 

The variation of input resistance 
of the switch throughout a switch¬ 
ing cycle is shown in Fig. 7. The 
data for these curves were obtained 
by applying Eq. 2 to oscillograms 
(Fig. 6). Care was taken to main¬ 
tain constant output of the signal 
generator throughout the recording 
of each pair of oscillograms. The 
particular value of R (the resistor 
in the feedback path of the multi¬ 
vibrator circuit) for each oscillo¬ 
gram is indicated in the figures as 
is also the frequency of the signal. 
It will be noted that there is con¬ 
siderable variation of input resist¬ 
ance during a switching cycle. The 
range of this variation decreases as 
the signal frequency and the value 
of R are increased. It is interesting 
to know how the grid current varies 
during the same switching cycle, 
so the curve showing this variation 
is given in Fig. 7C. 

A comparison was made of the 
minimum value of the r-f input re¬ 
sistances shown in Fig. 7A and 7B 
with the value of d-c input resist¬ 
ance of one tube at the peak grid 
currents shown in Fig. 7C. The 
that when either tube conducts its 
grid is driven slightly positive by 
the voltages of multi vibration, re¬ 
sulting in grid-current loss. The 


loading of the switch is thus mostly 
that of one conductive tube, as com¬ 
pared with an amplifier with two 
tubes giving equal loading. The 
absence of electron flow in one tube 
of the switch periAits the input re¬ 
sistance to exceed that of the amp¬ 
lifier under certain conditions 
already shown. When the loading 
produced by electron transit time 
becomes high at high frequencies, 
its absence in one of the switching 
tubes has a greater effect on the 
input resistance than at lower fre¬ 
quency where the grid current load¬ 
ing predominates. 

It should be noted that when the 
tubes are used in the reference 
amplifier they are operated with 
small grid bias and at a plate cur¬ 
rent slightly above rated value. 
These conditions of operation are 
comparable to those in the switch 
but result in lower values of input 
resistance than those realized in 
normally biased amplifiers. 

Since the measurements of input 
impedance have been made on a 
balanced circuit, the condition of 
balance was investigated. This was 
done by observing the oscillograms 
produced when the outputs 1 and 2 
of the switch were connected in 
parallel. Fig. 8 demonstrates circuit 
performance. 
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Frequency Control for Low-Impedance 

Oscillator Tanks 


The conventional arrangement 
for a variable-resistance frequency 
control tube used to control ttie 
frequency of an oscillator is shown 
in Fig. 1. Tube V is in series with 
capacitor C, and varies the effective 


By V. M. ALBEBS 

value of its capacitance as a part 
of the oscillator tank cirenit as the 
control grid voltage of V is varied. 

Figure 2 is a variation of the cir¬ 
cuit in which a diode is used in 
place of the resistor in the plate cir¬ 


cuit of the frequency control tube. 
The diode eonduete during a part 
of the negative half-eyelee of the 
oscillator, and caoses a positive volt¬ 
age to be developed at point A In 
Fig. 2. The voltage devdqwd can 
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FIG. 1—CoBTMlloiial circuit uclng a Tori- 
oblc-rMlstCBicc tTpu frcqucucr ooatrol tube 



FIG. 2—Improved circuit using a diode in 
the plote circuit 


leak to ground by way of the fre¬ 
quency control tube Vi during the 
remainder of the cycle. The aver¬ 
age potential which is retained at 
A is determined by the control volt¬ 
age applied between points 1 and 2. 

The effective value of C is then 
determined by the fraction of the 
negative half-cycle during which 
the diode conducts rather than by 
the effective resistance in series 
with G. The value of C used is 
about 20 percent of the value of Ct 
which is the fixed tank circuit ca¬ 
pacitance. 

For low-impedance tank circuits, 
this frequency control circuit offers 
considerable improvement over that 
shown in Fig. 1. It does, however, 
cause some variation in the oscil¬ 


lator frequency for a given control 
voltage applied between terminals 
1 and 2 when the heater voltage for 
tubes Vi and V.. varies. 

Sfobilixer 

To eliminate the effect of varia¬ 
tions of heater voltage, the device 
has been further modified by re¬ 
placing tube K. by a copper-oxide 
rectifier. The rectifier used by the 
author is the Varistor D-157873, 
containing four rectifiers which can 
be connected in series. The use of 
four rectifiers in series decreases 
the voltage applied across each rec¬ 
tifier. Figure 3 shows a schematic 
of the circuit using this rectifier. 
The values of the resistors were 
chosen to set the frequency control 
tube at the center of its range when 
zero voltage is applied between ter¬ 
minals 1 and 2. 

The curves in Fig. 4 indicate the 
relative frequency change plotted 
as a function of the voltage applied 
to the frequency control tube grid 
for both the 6SN7 tube and the 7F8 
tube. The sensitivity of the 7F8 
tube is somewhat higher to small 
voltages applied to the control tube 
grid. However, the range of fre¬ 
quency control is about the same 
with either tube. 

When the plate supply voltage 
was varied from 200 to 300 volts 
with the voltage applied to the fre¬ 
quency control tube grid maintained 
constant, the variation in oscillator 
frequency using the 7F8 tube was 
0.07 percent, and using the 6SN7 
tube the oscillator frequency varia¬ 
tion was 0.02 percent. When the 
heater voltage was varied from 6.3 
to 6,7 volts, the frequency change 
using the 7F8 tube was 0,2 percent, 
and using the 6SN7 tube it was 
0.07 percent. 



FIG. 3—Final circuit with the Varistor in 
the plate circuit. Volues of Hi and fiu ore 
33.000 ond 1.500 ohms respectively for a 
6SN7 ond 35.000 ond 1.000 ohms for a 
7F8. Numerals Indicote Varistor terminols 


The 7F8 tube is a more sensitive 
frequency control tube than the 
6SN7 but it has a correspondingly 
higher sensitivity to the effects of 
plate and heater voltage variation. 
These effects of heater and B-supply 
voltage variation are the combined 
effects on both the oscillator and 
frequency control sections. 



FIG. 4—Curves showing the variation of 
oscillotor frequency as a function of con¬ 
trol voltage 


Conversion from Series to Parallel 

Impedance 


IMPBDANGE MBASUKBMHNTS made on 
r-t bridges are usually determined 
in aeries form R ±:iX, but in many 


By GERSHON J. WHEELER 

applications, it is desirable to know 
the equivalent parallel impedance; 
that is, that value of resistance and 


reactance in parallel which will 
have an impedance equiv^ent to 
that measured on the bridge. The 
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accompanying graph presents a 
quick method for determining the 
equivalent parallel resistance R, 
and reactance X, when the series 
resistance R, and reactance X, are 
known. 

To determine the value of paral¬ 
lel resietance, enter the value of 
series resistance on the horizontal 
axis and the value of series react¬ 
ance on the vertical axis. The num¬ 
ber at the right-hand end of the arc 


at which these coordinates intersect 
is the value of the parallel resis¬ 
tance. 

To determine the value of paral¬ 
lel reactance, enter the value of 
series reactance on the horizontal 
axis and the value of series resis¬ 
tance on the vertical axis. The arc 
now indicates parallel reactance. 

The arc indicates the parallel 
value of whichever series compon¬ 
ent was entered on the horizontal 


axis. The units may be ohms, tens 
of ohms, megohms, or anything 
else, but must remain the same 
throughout. 

If the value of the series resis¬ 
tance is more than ten times or less 
than one-tenth the series reactance, 
the graph should not be used. In¬ 
stead, the following relationships 
which hold within one percent pro¬ 
duce the required result more 
quickly. With small R„ R, = X//R^ 
and Xy = X„ With large R„ R, = 
R, and X, = R,yX,. 

Illustrotions 

Example I: R, is 42 ohms, X, is 
58 ohms. Find R^ and X,. The num¬ 
bers on the graph will be used to 
indicate tens of ohms. Enter with 
4.2 on the horizontal axis and 5.8 
on the vertical. These coordinates 
intersect just above the arc num¬ 
bered 12. The value of Rp is about 
122 ohms. Next enter with 6.8 on 
the horizontal axis and 4.2 on the 
vertical. The intersection is just 
below the arc numbered 9. The 
value of Xp is about 89 ohms. 

Example II: R, is 400 ohms, X, 
is 70 ohms. Find Rp and X,. Here, 
the numbers on the graph must in¬ 
dicate hundreds of ohms. Enter 
with 4 on the horizontal axis and 
0.7 on the vertical. The intersec¬ 
tion indicates that Rp is about 410 
ohms. Enter with 0.7 on the hori¬ 
zontal axis and 4 on the vertical. 
The intersection is on arc 23, thus, 
Xp is 2300 ohms. 

The graph may be used for either 
capacitive or inductive reactance. 
The parallel reactance, of course, 
has the same sign as the series re¬ 
actance. 


Gra'phical Determination of Percent 
Harmonic Distortion 

i, lOIERT W. lUCaiEIM 

In designing resistance loaded sistance and harmonic distortion is read from characteristic curves 
amplifiers or analyzing vacuum frequently needed. Usually numer- are made to find this relation; how- 
tubes the relation between load re- ical calculations based on values ever a graphical method can be 
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FIG. 1—Using currents from tube char¬ 
acteristic. combinations are plotted and 
dlflerences and quadratic sumes ob¬ 
tained giving quontities from which per¬ 
cent harmonic distortion is obtained 


used that is simpler. Furthermore, 
this graphical method has the ad¬ 
vantage that it uses the distances 
from the characteristic curve di¬ 
rectly without the necessity of con¬ 
verting them to numbers, and it 
has an accuracy that is more com¬ 
patible with the original data than 
is the arithmetical computation. 

Bosit for the Method 

The commonly used expressions 
for harmonic distortion are 

.(In'- II) ^ {ij - 'ly) 

^ " 2 Uh -Yiy-f T/x ~7r) 

where is the ratio of the second 
harmonic to the fundamental and 
Da is the ratio of the third har¬ 
monic to the fundamental currents; 
/« is the plate current at the posi¬ 


tive peak of the grid swing, h is 
the plate current at the negative 
peak, Ix is the plate current when 
the grid signal voltage is at half 
its positive peak, and ly is the plate 
current at half the negative grid 
swing. Total harmonic distortion 
Do as a fraction of the fundamental 
is given by 

(W4- (3) 

A plot of Do vs Rl is required. 
For ease of notation let: A = 
{In + /l), D = (/x -f /f), C = 
(/// — h) and D — (Ix — Iy), then 
Eq. 3 can be written 

Do_- ^ [2U - + r ~ 2/>m ,,, 

2 (r' 4- D) 

=» No/2 (C 4 />) 

where Nq~ ** (2 (^ •— f- |C — 2D\' 
The quartities No and (C 4- D) 
can be o.>taii ed graphically. 

Consider a family of plate char¬ 
acteristics fo a 6F6G power pen¬ 
tode as shown in Fig. 1. The 
operating point is chosen at the 
intersection ot the Eb ~ 250-volt 
coordinate and the Ec == — 15-volt 
curve. Load lines corresponding to 
several likely load resistances are 
drawn through this operating 
point. 

A sheet of coordinate paper is 
arranged as in the rest of Fig. 1 
with vertical lines labeled with the 
various values of load resistance to 
be considered. The ordinate of the 
top coordinate section is in milli- 
amperes; its scale can be arbitrary 
or it can be transferred directly 
from above with dividers. Dis¬ 
tances representing /u, //,, /x, and /»- 
are transfered in this way so 
that a plot of these quantities 
vs Rf is obtained. There is no need 
to draw a careful curve through 
these values, but a free-hand curve 
helps in identifying them. 


From these intermediate curves, 
curves of A, B, C and D can be 
obtained by graphical addition and 
subtraction in accordance with 
their definitions. Next, in a similar 
manner, curves of 2D, (C — 2D), 
(C -f D), (A - B) and 2 (A - D) 
are constructed. 

To obtain No a quadrature addi¬ 
tion of 2 (A — B) and (C — 2D) 
is made by measuring these quan¬ 
tities at right angles to each other ; 
the diagonal joining their ends 
is N,„ As shown in the dia¬ 
gram, the graph becomes crowded 
when the currents have been added 
to give their sums and differences. 
Hence the constructions are trans¬ 
ferred, as made, to a clear section 
of the graph below. The dis¬ 
tance of No is also plotted in this 
section. 

When No and 2(C 4 D) have 
been obtained D„ is determined 
from slide rule manipulation using 
Eq. 4. Because D„ is the ratio of 
quantities of the same dimensions, 
the scales of the ordinates can be 
whatever is convenient. The factor 
2 can be eliminated from the final 
expression for Do if the scale of 
lower work graph is half that of the 
top section; (C 4 D) must then be 
plotted in the lower part. 

This construction is carried 
through for each Ri, and a plot of 
Dm vs R,. made as in Fig. 1; plots 
of Dj and D, can also be made con- 
viently. This graphical method is 
fast and direct. A regular routine 
should be followed in carrying it 
out; many of the combinations can 
be made without changing the set¬ 
ting of the dividers. Errors are 
easily detected as the construction 
progresses by any radical singular¬ 
ities in the intermediate curves. 


bptimum Conditions for on R-C Oscillator 


Resistance-capacitance net¬ 
works of the type shown in Fig. 1 
occur in many electronic circuits. 
The network is used in feedback os- 


By H. A. WHALE 

dilators of the Wein bridge type, 
in which case the components can 
be proportioned in accordance with 
relations presented in this discus¬ 


sion to provide optimum frequency 
stability. Although these relations 
are derived for the particular 
bridge oscillator under examina- 
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FIG. 1—Circuit under consideration is 
common to many applications 


tion, they are also valid for a re¬ 
sistance-capacitance amplifier made 
frequency selective by choice of cou¬ 
pling or where feedback is used to 
give an amplifier having rejection 
for a narrow band of frequencies. 

Wein Bridge Otcillofor 

In the common R-C cathode-cou¬ 
pled oscillator of the Wein bridge 
type\ the components of the feed¬ 
back network are proportioned so 
that jRiCt equals RfCt, under which 
condition the ratio of output volt¬ 
age Ft to input voltage varies 
with frequency in the manner 
shown in Fig. 2 by curve for IT* = 
1®*. The frequency selectivity of 
this particular type of oscillator is 
due to the comparatively rapid 
change with frequency of the phase 
between the input and output volt¬ 
ages in the vicinity of the oscillat- 



PIO. 2—Normollwd orapUtu ds oad phmo 
m i ur ncmnsncs oi cwiiii 


ing frequency, l/[2ic(i?iiB,C7,C,)*'*] 
cycles per second. 

In designing such oscillators for 
the greatest frequency stability^ the 
conditions for the most rapid 
change of phase with frequency and 
for the most sharply peaked | Fg/Fi | 
curve are required. These condi¬ 
tions can be found by replacing Bt 
Cl, B„ Cg respectively by R/u, vC, 
uR, and C/v, in which case the os¬ 
cillating frequency is fo = l/2irRC. 
For any frequency f 

11 - (///•)*? 4- ^U/fo? ^ ^ 
where y = (m* -f t;* -f u*v*)/uv. Let 
(///o) = X, then 

1^1 ^2) 

\ El \ 1(1 - -f {xyn/^ 

^ - tan~^ (1 - (3) 

For maximum rate of change of 
phase with frequency, differentiate 

with respect to x. Inasmuch as 
interest is in values near ^ = 0 at 
which a: = 1 

^ - (I - x^)yxy (4) 

therefore 

- (*•’ + \)ly (5) 

« ~ 2/y (near x *• 1) 

Because x is nearly unity near the 
oscillating frequency 

I Eg I i4e[l - (1 - x*)V2(»y)»l 

l“^l- y 

The magnitude of the term (1— 
a;*)V2(xi/)* determines the sharp¬ 
ness of the resonance peaks, for the 
smaller is y the more rapid the 
change with r. Thus, as would be 
expected, the rate of change of 
phase and the sharpness of the res¬ 
onance peak both depend on the 
same parameter y. 

The problem is to determine the 
values of u and v for which y is a 
minimum. To do so, let v* = 1, in 
which case Cx = Ci, and then y = 
(2u* + l)/u. This relation is a 
minimum when u* = 0.6. Various 
calculated amplitude, and phase 
curves for v* = 1 and different val- 
use of u* are shown in Fig. 2 with 
the value of u* indicated for each 
curve. 

For any general value of v* there 
is an optimum value of u* and vice- 
versa. The general expressions are 
obtained. 


dy _ / d \ u* + 
du V di* ) 

- - (»/w*) + (1/y) 4- » (8) 

which equals zero when 
w* - »*/(i + 1^) (9) 

Similarly, for a given value of u* 
the optimum value of v® is 

uV(l + (10) 

Carrying the logic further, put Eq. 
9 into the expression for y, then 
t/»«4(l4-t^) (11) 

which has its minimum when = 
0, and then u* = 0. Thus the cri¬ 
teria for the sharpest resonance 
curves and the most rapid change of 
phase near the resonant frequency 
are that u and v are as small as pos¬ 
sible consistent with maintaining 
either Eq. 9 or 10. When u and v are 
both small, they are nearly equal. 

Figure 3 presents curves for vari¬ 
ous values of (w*, v*). These curves 
include the cases for u* and v* both 
vanishingly small; that is, the the¬ 
oretically best conditions that can 
be obtained. Also included in Fig. 

3 are some experimental points ob¬ 
tained with the indicated values. 

For the conventional case at x 
= 1 

d0/dx » — 2/3 

while for the optimum case at a: = 1 
u* * — 0; d0/dx *« — 1 

Procfkol Cantideraliofit 

The foregoing analysis indicates 
that for maximum stability the ra¬ 
tios Cs/Ci and should be as 

large as possible consistent with a 
given (frequency) relationship be¬ 
tween them. In oscillators employ- 
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FIG. 4—Typical oieUlalor circuit to which 
dotlgn con bo oppllod 


ing this type of feedback circuit; 
condition for oscillation is 

1 -I- 4-r./C, <A (12) 

where A is the gain in the auxiliary 


amplifying circuit. Using the fore¬ 
going notation, this cond>ition can 
be expressed as 

1-f l/ti-h l/» (13) 

Thus the minimum values of u 
and V that can be employed are de¬ 
termined by the gain that is avail¬ 
able from the amplifier. 

For example, in the cathode-cou¬ 
pled oscillator^ shown in Fig. 4, the 
condition for oscillation is 

E2>AEx (H) 

or 

> i4 =* gmigm^Rc Rl (15) 

y 

which means that 

1 -f* 1/u -1- l/i» < gmigmtR*' Rl- (15) 
where g^i and are the mutual 
conductances of the two triode sec¬ 
tions under the operating condi¬ 
tions. 

If the oscillator is to cover a 
range of frequencies, the ratio C«/Ci 
must remain constant over the 


band. This consistancy can be ac¬ 
complished by using a ganged tun¬ 
ing capacitor with, for example, C, 
consisting of three sets of plates in 
parallel and C, the other set. Then 
V* = 0.38. Thus for optimum sta¬ 
bility with this value of v\ u* = 
0.25. The condition for oscillation 
becomes 

OmigmiRcRi > 8 ( 17 ) 

For usual triodes, Ro is approxi¬ 
mately 600 ohms, and g. is approxi¬ 
mately 2,000 microhms, therefore 
Rl should be greater than 4,000 
ohms. 


(1) H. H. Scott» A New Type of SelectlTO 
Circuit and Some AppllcatioDs, Proe, 
/. R. p 226 Feb. 198a 

(2) F. B. Terman, B. P. Buss., W. R. 
Hewlett, and F. C. Cahill, Some Appllca- 
tioni of Negative Feedback with Particular 
Reference to Laboratory Bqulpment, Proo. 
/. Je. B^ p 649 Oct. 1989. 

(8) F. B. Terman, **Radlo Bngineers* 
Handbook", McOraw-BlU Book Co., New 
York, p 505 1948. 

(4) Keate A. PoUen, The Cathode 
Coupled AmpllSer, Proo. /. R. B., p 402 
June 1946. 


Pulse-Modulated Oscillator 

Method and circuits are presented for pulsing a high frequency oscillator so that all waves 
are of the same amplitude. Pulse rate is variable over wide limits independently of oscil¬ 
lator frequency. Calibration and marking of sweeps with the equipment are described 


A n iupboved method for gen- 
.erating a train of sine waves, 
in which the first cycle is identical 
to the following cycles, is described. 
The train may be initiated from an 
outside trigger and may therefore 
operate over a wide range of pulse 
repetition frequency. Large peak- 
to-peak amplitudes are available 
requiring but small power input. 

Rapid development of equip¬ 
ments utilizing pulse techniques 
has made necessary precise meth¬ 
ods of time measurement. The 
caUiode-ray oscilloscope using slave 
sweeps has become a common tool 
for accurate pulse work *'*’' *. 

Various means have been sug¬ 
gested for calibration of time 


By ALLAN EASTON 

bases *' *' ^ The method described 
in this paper provides a readily 
adjustable means of generating a 
sinusoidal wave train of uniform 
amplitude under control initiated 
by externally applied triggers. 

raised Rasaaoat CIreelt 

The most elementary type of sine 
wave sweep calibrator is shown in 
Fig. lA. Operation depends on the 
transient oscillation which results 
from sudden interruption of a 
steady current fiowing through an 
inductance shunted by a capaci¬ 
tance. Should the current I, be 
suddenly cut off by application of a 
negative gate to the triode grid, an 
oscillatory voltage appears across 


the capacitance such that 

sin o,t (li 

where the symbols are defined and 
derived in the appendix. 

The exponential term of Eq. 1 
determines the rate of decay of the 
oscillation. If Q were very high, 
oscillations would persist, dying 
out gradually. However, with 
ordinary commercial inductors hav¬ 
ing practical values of Q, oscilla¬ 
tions decay in a relatively short 
time, as shown in Fig. IB. 

The magnitude of Q required to 
give an amplitude Ke, to the nth 
cycle of oscillation (derived in 
appendix) is 
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FIG* I—combining a pulsod rotonont 
d fc nit <A) glTlng o tanpod woro train 
(B) with o koyod ofdllcrtor (C) glTing a 
wcrro trcdn thot bnildc up (D)* o puliod 
oociUcrtor (S) thot eon gonoroto o wcnro 
train of constont ontplitudo (F) If obtained 


Q 


(n-l)r 
la (l/K) 


( 2 ) 


Thus to obtain equal to 0.9$^ 
that is K equals 0*9, where n is 21 
cycles, Q must nearly equal 600 


(This relation incidentally provides 
a method of measuring Q of an 
inductor *.) 

Limitations of the damped train 
as an accurate source of sweep 
calibration markers are numerous 
and some superior means have been 
developed. 


Koyod Oscillotor 

It is possible to develop a sine 
wave train by the method shown in 
Fig. 1C. A Hartley ty^e oscillator 
is connected so that application of 
a positive gate to the triode plate 
will result in the growth of oscilla¬ 
tions such that 

i ® {eJoiD (sin exp Hni/2L (.3) 

Oscillations grow at a rate 
determined by the magnitude of 
negative resistance introduced 
by the oscillator tube. This circuit 
may be difficult to synchronize well. 
The degree of synchronization de¬ 
pends upon factor of Eq. 3. If 
sufficiently high frequency compo¬ 
nents are present in the rising edge 
of the positive gating pulse, syn¬ 
chronizing pulses can be obtained 
in the tuned circuit through the 
triode grid-to-plate capacitance. At 
best, locking with the trigger is 
precarious and, in addition, time de¬ 
lay involved in waiting for oscilla¬ 
tions to reach final amplitude, as 
illustrated in Fig. ID, may be pro¬ 
hibitive for many applications. 

Comblgofioa Cireulti 

An ingenious combination of 
both circuits described above was 
developed by Radiation Laboratory, 
Massachusetts Institute of Tech¬ 
nology. 

The circuit, shown in Fig. IE, 
may be analsrzed qualitatively by 
considering the oscillator tube 
(tube 2) as a source of negative 
resistance. If the oscillator were 
not present, the circuit would be 
similar to that of Fig* lA, the 
damping resistance in this case is 
greater than zero and therefore 
the wave train will decay expo¬ 
nentially as mentioned* As the 
magnitude of the negative resis¬ 
tance (controllable by degeneration 
potentiometer Rt) causes the equiv¬ 
alent circuit resistance to approach 


zero (0 approaches infinity), the 
envelope of the oscillations more 
nearly approaches a pair of parallel 
horizontal straight lines. Should 
the effective circuit resistance be¬ 
come negative, oscillations will 
build up from their initial value to 
some final value determined by cir¬ 
cuit parameters. These conditions 
are illustrated in Fig. IF. 

The magnitude of the peak 

voltage of the first cycle is 

« /p(L/C)»/2 (4) 

Equation 4 predicts an oscillator 
voltage proportional to the d-c plate 
current and to the square root of 
the L to C ratio. Substituting 
typical values into the equation 

where C=100)Li/if, L=260/ih, /p= 
0.010 amp, and /== 1.006 me gives 
e, equal to 15.8 volts peak or 31.6 
volts peak-to-peak. 

If this voltage is inadequate for 
a particular application, it is then 
necessary to increase The upper 
limit to the L to C ratio is deter¬ 
mined by stability requirements 
and therefore cannot be increased 
indefinitely. 

At about 10 me this circuit be¬ 
comes expensive and unwieldy. 
Suppose J 25/x/Af, L = 10/xh, ~ 

0.010 amp, and /=10.06 me, then 
is equal to 6.32 volts peak. To obtain 
the same value of e„ at 10 me as 
was realized at one megacycle, plate 
current should be more than 
doubled and yet circuit stability 
would be poorer because of the 
higher L to C ratio. Should really 
large marker voltages be desired, 
excessive plate currents would be 
required. 


Pulsed Oscillofor 

For reasons of economy and 
simplicity another approach to the 
problem, which extends the oper¬ 
ating range to well over twenty 
megacycles, was tried. The prin¬ 
cipal difference circuitwise is the 
inclusion of a gas thyratron such 
as a type 2D21, 2060, 6D4, or 884 
and associated circuits shown in 
Fig. 2. 

Theory of operation is as follows* 
Three tubes are employed, a shock 
tube VI, a clamp tube V2, and an 




CIRCUIT THEORY 


193 



FIG. 2—Circuit of a pulsed oscillator that delivers pulses of high< uniform amplitude 


oscillator tube V3. The shock tube 
VI has the characteristic of being 
able to pass large surges of current 
(in excess of five amperes) for a 
short interval and then remain in 
the ready state with the passage 
of a small current (in the order 
of microamperes). Clamp tube V2 
has the characteristic that its re¬ 
sistive impedance from cathode to 
ground (the plate is held at a-c 
ground by a capacitor), which is in 
parallel with the tuning coil of the 
oscillator, is very high when the 
tube is nonconducting (control grid 
biased negative), and very low 
(about 300 ohms or less depending 
on tube type) when the tube is con¬ 
ducting. Oscillator tube V3, with 
its circuit, is permitted to oscillate 
or prevented from oscillating by 
the clamp tube by virtue of the 
tube resistance which shunts the 
tuned circuit. 

In operation the circuit is in the 
ready state when C# is fully charged 
through jRn to the supply potential. 
Tube V2 is conducting and tube V3 
is therefore in the nonoscillating 
condition. 

SaqttMsa of Cirevit Fiinetions 

When it is desired to set off a 
train of oscillations each of the 
same amplitude, a sharp positive 
pulse is applied to the thyratron 
grid through J2iCx, causing the gas 
to ionize and Ct to discharge 
through the interelectrode space 
and the primary of the high fre¬ 
quency transformer. Simultane¬ 
ously with the positive pulse on the 


thyratron grid, a negative gate is 
applied to the grid of the clamp 
tube through CM* causing the 
clamp tube to become noncon¬ 
ducting and permitting oscillations 
to build up. 

Oscillations will, therefore, not 
have to build from low amplitude 
gradually, but can be equal or even 
larger than succeeding oscillations. 

When the positive pulse which 
was impressed on the thyratron 
grid decays, the gas tube deionizes 
by virtue of RnC^ in the plate cir¬ 
cuit, and the tube disconnects itself 
from the circuit except for the 
cathode to ground capacitance 
across the tuned circuit. Oscilla¬ 
tions will continue until the nega¬ 
tive gate on the clamp tube grid is 
removed, permitting the clamp tube 
to become conducting thereby 
quickly damping the oscillations. 

Rate of decay is determined by 
the magnitude of the resistance 
the clamp tube shunts across the 
tuned circuit. Type 6J4 which has 
a very high value of transconduc¬ 
tance will damp the oscillations 
faster than will type 6C4. (In all 
cases decay time may be longer 
than rise time.) Meanwhile C« will 
be recharging through R, prepara¬ 
tory for the next cycle of operation. 

Clreslt Cliaraeterisflet 

This circuit has been constructed 
and tested using component values 
indicated in Fig. 2. With a positive 
plate voltage supply of 150 volts, 
it was possible to obtain as much 
as 80 volts peak to peak at 20 me. 


This large voltage was possible 
chiefly by virtue of the tremendous 
surge of current delivered by Cj 
through the thyratron tube into 
the tuned circuit as explained 
above. The circuit as shown is 
capable of operation at pulse repe¬ 
tition frequencies ranging from 
less than one cycle per second to 
slightly over 5,000 cps. Total 
average plate current consumption 
of the three tubes does not exceed 
ten milliamperes at the highest fre- 
(iLiency of operation. 

Some necessary precautions for 
obtaining optimum performance 
are: 

The positive trigger which actu¬ 
ates the thyratron grid should have 
a steep rise, preferably in the 
order of 1,000 volts per micro¬ 
second. 

The negative gate which actuates 
the clamp tube must rise quickly 
enough so that the clamp tube cur¬ 
rent is cut off at the same time 
that the gas tube fires. 

The transformer primary must 
be connected to the cathode of the 
shock tube by short leads. The 
primary must be closely coupled to 
the secondary; the primary turns 
numbering one half of the second¬ 
ary turns, approximately. 

R^ is adjusted for flattest topped 
wave trains. 

Rt should be selected of sufficient 
resistance to limit peak current in 
the thyratron to a safe value as 
specified by the manufacturer, ft 
may be used to determine the ini¬ 
tial amplitude of the generated sine 
wave train. 

Applicafiost 

The most obvious application of 
the pulse modulated oscillator is for 
time base calibration. In the com¬ 
monest case a saw-tooth sweep of 
somewhat indeterminate length is 
used to measure characteristics of 
a pulse display. The sine wave 
train is fed into vertical deflecting 
plates of a cathode-ray tube and 
horizontal deflection sensitivity is 
adjusted to give a full deflection. 
Thus with the period of the cali¬ 
brating waves known, the time 
scale in microseconds per inch is 
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(I) (2) (3) 


IDENTICAL FREQUENCIES 

PULSED FREQUENCY LOWER THAN STANDARD 


FIG. 3—Uilng th« method ihown at tho 
top« tho pattoRif ehowa bolow aro ob* 
tainod to indieato tho froquonqr of tho 
pulsed oscillator 

determined. Calibrating markers 
are virtually indispensable where 
the sweep velocity is not constant. 

The pulse to be measured may 
be observed simultaneously with 
the calibrating markers. Controlla¬ 
ble delay and negative gate dura¬ 
tion may be adjusted to cause the 
markers to coincide with the pulse. 

Intensity grid modulation of the 
cathode-ray beam is a popular 
means of utilizing sweep markers. 
The sine wave train may be mixed 
with blanking pulses or may be 
connected to the cathode or grid of 
the cathode-ray tube while the 
blanking pulses are connected to 
the unused element. Alternate 
bright and dark spots facilitate 
measurement of pulses without dis¬ 
torting the shape of the display. 

A convenient possibility is to use 
one pulsed oscillator for making 
one microsecond dots and another 
for making 0.1 or 0.05 microsecond 
dots and then mixing the two to 
give marker dots. 

A particularly interesting exten¬ 


sion of testing amplifiers by square 
wave analysis* is made possible 
with the pulse modulated oscillator. 
In present television receiver prac¬ 
tice an intermediate frequency of 
about 21 me has been accepted as 
standard. Overall bandwidths of 
3 to 5 me are used and some means 
for testing transient response of 
intermediate frequency amplifiers 
is needed. It is customary to use 
a sweep oscillator and cathode-ray 
oscilloscope'® for this purpose. This 
method gives little information 
concerning transient response 
whereas the pulse modulated oscil¬ 
lator when injected into the grid 
circuit of the i-f amplifier enables 
direct observation of pulse response 
of all circuits after the mixer. Ver¬ 
tical or horizontal synchronization 
pulses can be used to trigger the 
pulsed oscillator. 

Mafbeds of Colibrotlon 

In order to utilize fully the pulse 
modulated oscillator, some means 
of accurately setting or measuring 
the sine wave frequency is needed. 

Common is the zero beat method 
in which a crystal oscillator or 
standard signal generator is made 
to zero beat with the unknown fre¬ 
quency. Caution must be main¬ 
tained to avoid synchronization of 
the pulsed oscillator by the stand¬ 
ard frequency source or the reverse. 
It is possible for the pulsed oscil¬ 
lator to begin oscillating at a fre¬ 
quency determined by its own 
circuit constants and then be forced 
into another frequency of oscilla¬ 
tion by the calibrating voltage. At 
20 me, small stray capacitances 
may cause considerable coupling. 
Synchronization of either pulsed 
oscillator or calibrating oscillator 
by one another or by an external 
stray signal must be avoided if 
useful results are to be obtained”. 
The zero beat method gives no in¬ 
formation about the spacing of 
individual sine waves of the pulsed 
train but measures average fre¬ 
quency. If the first few oscillations 
had a different period from the 
succeeding cycles^ a situation which 
is quite possible, the zero beat 
method would not reveal this fact. 


The fact that the sine wave train 
is pulsed, that is, interrupted pe¬ 
riodically, gives rise to a spectrum 
of frequencies, any one of which 
may give zero beat with a cali¬ 
brating frequency. Only one of 
these beats represents the center 
frequency of the wave train“. 

Another method of calibration 
utilizes the cathode-ray tube oscillo¬ 
scope to obtain a Lissajou figure”. 
When two voltages of slightly dif¬ 
ferent frequencies are compared, 
one connected to each pair of de¬ 
flecting plates of the cathode-ray 
tube, a stationary pattern will ap¬ 
pear either if the two frequencies 
bear a haimionic relationship, or if 
they have a harmonic in common. 

When the two frequencies are 
equal, a stationary geometric figure 
such as a circle, ellipse, or straight 
line can be obtained. The same 
precautions against unwanted syn¬ 
chronization must be observed in 
this case. The characteristic circle 
denoting equal frequencies can be 
obtained by comparing the calibrat¬ 
ing frequency with any one of the 
spectral sideband components of 
the pulsed wave. Frequency dif¬ 
ference between successive spectral 
components depends upon pulse 
repetition frequency. Advantage 
may be taken of this fact in cali¬ 
brating by Lissajou figures. If the 
characteristic circle is obtained, 
change the pulse rate slightly; only 
the center component, that is the 
nominal sine wave frequency, will 
remain unchanged and will con¬ 
tinue to give the circle. Any spec¬ 
tral sideband components will 
change frequenty when the pulse 
rate is altered. 

An excellent method of calibra¬ 
tion, first demonstrated to the 
author by R. D. Scheldorf of Radio 
Corporation of America, is illus¬ 
trated in Fig. 8. A crystal oscilla¬ 
tor or other type of standard fre¬ 
quency generator is connected to a 
frequency divider which generates 
a synchronizing pulse to trigger 
the pulse modulated oscillator and 
slave sweep of the cathode-ray 
oscilloscope. The standard fre¬ 
quency voltage is connected to the 
vertical plates through the vertical 
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ampliAer, and the pulse modulated 
oscillator to the intensity control 
grid (Z axis). If the two frequen¬ 
cies differ but slightly, a very easily 
recognized result appears. The 
difference frequency shows up as a 
wave of bright spots whose period 
is equal to the reciprocal of the 
difference. Precautions must be 
taken as usual to prevent oscillator 
pulling. No trouble is experienced 
with sidebands. It is also possible 
to determine whether any shift in 
frequency of the pulse modulated 
sine waves occurs when the pulse 
rate or duration of the train is 
altered. In the case where only 
a few cycles of the train are de¬ 
sired, the above methods do not 
give sufficient accuracy for the 
most precise requirements. 

The most accurate calibrating 
procedure developed to date to the 
author’s knowledge is the method 
described in a previous paper**. 
This paper describes a rapid, accu¬ 
rate determination of spacing be¬ 
tween pulses or sine waves having 
production line simplicity and 
laboratory precision. It is possible 
to ascertain whether the first cycle 
has the same period as the succeed¬ 
ing cycles. This information is 
important where maximum preci¬ 
sion is desired. 


MatheMstleel Appesdfac 

A simplified equivalent circuit of 
the keyed oscillators discussed in 
the text is shown in Fig. 4. 
Switches SI and S2 are provided 
to indicate various stages in the 
operation of the circuits. 

Case A considers the buildup 
characteristic of the elementary 
pulsed sine wave generator of 
Fig. lA for which SI and S2 are 
normally closed, but at t = 0 S2 is 
opened. The differential equation 
describing the subsequent action is 

L -h q/e 0 (lA) 

or 

l/PC)4-0 (IB) 

Where 1/P - dt 

The general solution^ of Eq. 1 is 

it » (exp — cuO -f Aicog^e] (2) 


In order to evaluate the arbitrary 
constants of integration the follow¬ 
ing boundary conditions are sub¬ 
stituted, neglecting hRi. drop 


« »0,^- 




The complete solution is therefore 
1*2 « — /p (exp — ait) lc08 fill — 
ai/A sin M (3) 


We are primarily concerned with 
the potential across the capacitance 


60 

S. - ^J*(exp - ait) sin /3ii dt ~ 

— ait) cos i^\t dt (5) 


Performing the indicated inte¬ 
gration and evaluating the con¬ 
stant of integration gives 

e. ■* ~ 

If Q is very much greater than 
unity, 

• Cl, and at - and 

(.-<"/>«) «in «< (7A) 

or also 

Sc - Ip il/C)^ («-«</*«) sin («f -f it) (7B) 

Equation 7 describes an oscilla¬ 
tion whose decay properties depend 
upon the magnitude of Q. If Q is 
very high but Rl is still larger than 
zero Sc decays slowly (see Fig. IB 
and IF). If Q is infinite, that is, if 

Et = 0 

ec^ - Ip (VQ‘^* Bin (8) 

This equation expresses the case 
shown in Fig. IE and 2 where the 
oscillator tube is adjusted to cause 
the effective circuit resistance to 
vanish. If Q is negative, that is, 
if R is less than zero, then oscilla¬ 
tions build up indefinitely. Actu¬ 
ally losses in the circuit due to non¬ 
linearity of the oscillator tube will 
limit the amplitude of oscillations. 

In using the circuit in Fig. lA, 
assume one wishes to ascertain the 
Q required to sustain oscillations 
for n cycles so that 


ep * Ket (9) 

then 


eo *=» Ip (exp ~ <atnl2Q) sin taU) 

(lOA) 


and 

Cn ^ Ip (exp — 03t/n2Q) sin co^n 

(lOB) 


but 


u»to ~ and utn * 2 (n — l)?r + 
then 


g - -fS- - exp - P* (11) 
eo Q 

from which 




(n - Dr 

IniWK) 


( 12 > 


Figure 5 is a plot of K versus Q 
for several typical values of n. 

The amplitude of the first cycle 
of oscillation may be readily ob¬ 
tained from the Eq. 7A. Let (pt = 
t :/2 and Q>>1 then = 

I,(L/C)^, As a check this can be de¬ 
duced from energy considerations 
where 


(14) 

and 

« Ip (L/C)^'^ (13) 


Case B refers to Fig. 1C for 
which S2 in Fig. 4 is open through¬ 
out. Before t == 0 SI is closed. At 
t = 0 SI is opened causing circuit 
resistance to become negative. Syn¬ 
chronizing pulse e, causes transient 
oscillation to begin such that 

1 (DL + + l/PC) -e, (15) 

from which 

i « ain fit + Ai cos fit] (16) 



FIG. 4—^EqalTcd«iat dfcul! ol pulsed 

esetllcrtor 
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no. S G raph tliowg tk« quality (Q) of o rMonoat dfcuSt U th« otcillatioiii Inlttotud 
bj fheck or# t# d#coy to o particular Iraettoa (K) of tholr Inltlol toIuo la o giroa 

Buadior (a) of eyclo# 


We are not concerned with steady 
state condition because e, is negli¬ 
gible compared with the amplitude 
of the resulting oscillation. Bound¬ 
ary conditions are t = g 0, 
di/dt = 6«/L giving 

♦ (17) 

and if Q>>1» and R<0 then 

i -i ^ (ezp Rnt/2L) da (18) 


This expression is the equation of 
an oscillatory current which builds 
up from zero to some final value 
determined by tube nonlinearity. 

Case C considers oscillations 
after application of the negative 
gate to the grid of the clamp tube. 
Oscillations will continue in a man¬ 
ner determined by the magnitude 
and sign of the effective circuit Q. 
When the negative gate is removed 
and the cathode follower is per¬ 


mitted to become conducting, oscil¬ 
lations will be damped at a rate 
determined by the magnitude of 
R,. When S2 is closed (correspond¬ 
ing to removal of the negative 
gate), equations describing the 
currents in the two meshes are 

E « 11 (R. + DL) - i, (DL) (19) 

0 « ~ i, (DL) -f ia (DL + 1/PC) (20) 

(Rl is neglected as its effect is neg¬ 
ligible compared with /?,). Equa¬ 
tions 19 and 20 may be solved 
simultaneously for u giving 

Roots of the auxiliary equation are 

* I ■* oeidb fit 
rt 1 

It is not necessary for the pur¬ 
pose of this analysis to complete 
the particular solution for u. It is 
sufficient to observe that when p =: 
0 the circuit is critically damped 
and current in the capacitor can 
decay to zero without oscillatory 
overshoot; this is the borderline 
condition. The value of R, required 
to give critical damping is deduced 
from 

( 1 1 \ 

-rm—Lc) (22) 

For the overdamped condition 

R.<4-(W^ (23) 

It should be noted that in cir' 
cuits shown in Fig. IE and 2 there 
are two transients. There is the 
transient resulting from current I, 
which flows when S2 is closed, and 
the residual alternating current 
which remains when SI is closed. 
By the principle of superposition 
each condition may be considered 
separately. Both conditions give 
similar differential equations but 
have different boundary conditions, 
which do not affect the analysis 
because we are not concerned with 
currents but rather with rates of 
decay of currents. It is evident 
that for rapid damping at high 
oscillator frequencies a cathode fol* 
lower having low cathode to ground 
resistance is essential. Otherwise 
decay time may be considerably 
longer than rise time of the pulse 
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modulated oscillator waveform 
envelope. 

If R, can be made very small so 
that >> (1/LC) then t,= 

Ax (exp ‘-t/R,C) and U will decay 
exponentially to a value of 1/e in 
R,C seconds. 

Substitution of typical values 
into the last equation gives the 
following data: either / = 1 me, 
C = lOO/i/if, L = 260 /Lth, R = 790 
ohms, and t = R^C 7.9 x 10'* sec, 
or / = 10 me, C = 25 /a/xf, L = 10 


/xh, R =316 ohms, in which case 
t= 7.9 X 10'* sec. 
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Equivalent Series and Parallel impedances 



SInpl# geometrical liguro lor roprosont- 
ing impodonco rolations 


By R. L PEEK. JR. 

In impedance computations, it is 
frequently necessary or convenient 
to express an impedance R, -f- 
in terms of a resistance R^ and re¬ 
actance X„ which have, when con¬ 
nected in parallel, the impedance 
R, -h jXt, The reverse operation is 
similarly frequently required. It 
is the purpose of this note to de¬ 
scribe a simple geometrical con¬ 
struction that represents the rela¬ 
tion between these impedances. This 
relation is: 

X, = R/ + X.,X. 
and Jf?,, = R/ -f X.'^R, 

The corresponding geometrical 
construction is shown in the illus¬ 
tration. Here R 0 and X, are the 
sides of a rectangle, of which Z is 


the diagonal. The perpendicular to 
Z cuts X* and R, prolonged at X^^ 
and R, respectively. The proof that 
the relation between X, and X^ and 
R, and R^ is that given by the above 
equations follows from the equal 
ratios of corresponding sides of 
similar triangles, as noted in the 
figure. 

By laying off lengths on ordinary 
cross-section paper, this construc¬ 
tion may be used to determine A% 
and Rr when X, and A. are given or 
vice versa. Aside from its utility 
in computation, the construction 
permits visualization of the rela¬ 
tive magnitude of the four quanti¬ 
ties involved, including the useful 
corollary that X,/R, = R,/X,, 


Design Curves for Parallel-T Network 


Chart presents generalized design curves from which transmissions at various deviations 
from resonant frequency can he read directly. Design equations are also presented, and 
conclusions as to properties of parallel-T networks under usual conditions are drawn 


P ARALLEL-T NETWORKS are Com¬ 
ing into common use because of 
their simplicity, economy and ef¬ 
fectiveness. To simplify their de- 


By DAWKINS ESPY 

sign, generalized transmission 
carves for conditions ordinarily en¬ 
countered are presented. 

Resonance equationa for the gen¬ 


eral parallel-T network are given in 
Table I, which contains other per¬ 
tinent equations and the circuits 
which they describe. The analysis 
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ToUe I—^Design Equcrtiomi for Porallol-T Network 


General Parnllrl-T Network 



General Resonance equations 

XiX, « (Af, + Fi,)fh 

BiR, « (vY, + X2)Xt 


(lA.) 

(IB) 


Relationships between parameters 
A'l - mRi; R, - kBi (2) 

X 2 -- kBi ^ kXi/m (3) 

B, - [mk/{\ -f k)]B, (4) 

A. « [k/(m -f (5) 


Capacitive Pamlle!-T Network 



■ 2t1«,/?.U.'iCV(G, + C,)K-.I7’ 

Design of capacitive network, all 
components related to Ri or Ci 

r:, - I, \fmBi (9A) 

Ct - mCiA; R* » kBi (9B) 

C, - (m 4- k)/2irfokBi « 
m(m 4- k)Ci/k (9C) 

R, * miltR,/(l 4- k) (9D) 


General expression for transmission through a parallel-T network 


1 


1-f j 


(///o) 




1 ~ {///oj* 
R.1 ife 


a^y 


Ri 4- R* 1 + it 


( 6 ) 

f7A) 


X 2 


A i 4- V* m k 
A'l 4- A'; m 4- ^ 

R, + Rt * TTT 


(7B) 

(7C) 


need not be restricted to symmetri¬ 
cal networks in which Ri := Rt and 
Xi = Xt or even to the condition 
that Ri = Xi at resonance. For the 
general case the parameters m and 
k can be defined at resonance by the 
two relations of Eq. 2, and with the 
aid of Eq. 1 the relations of Eq. 3, 
4, 5 can be derived. 

The general expression for trans¬ 
mission through a parallel-T net¬ 
work is given by Eq. 6 where / is 
the operating frequency and /« is 
the resonant frequency of the net¬ 
work; the other terms are defined 
by the relations of Eq. 7. Usually 
the parallel-T network is made us¬ 
ing capacitors for the reactive arms. 
The resonant frequency of such a 
network is given by Eq. 8; E, does 
not appear in this relation because 
it is uniquely determined by the 
other parameters. The arms of the 
capacitive network can be designed 
from the relations of Eq. 9. 

Considerable information about 
the network can be obtained from 
an examination of part of Eq. 6 


g-f 1 4- m 4- 2fe 

afiy “ k 

which, for m = 1, reduces to 
2(1 4* k)/k and for fc = 1 reduces 
further to 3 4- m. 

These relations show that the 


larger the magnitude of Eq. 10, the 
less the selectivity of the network. 
Increasing m for a fixed value of k 
increases the value of Eq. 10, de¬ 
creasing the selectivity, while in¬ 
creasing k causes Eq. 10 to decrease, 
approaching 2 as a limit, and con¬ 
sequently increasing the selectivity. 
The effect can be seen in the design 
chart in which Eq, 6 is plotted for 
various values of k and m; only the 
low side of resonance is shown be¬ 
cause the curves are symmetrical. 

An approximate transmission 
formula when k = m = 1 for the 
frequency range from / = 0,9/* to 
/ = 1 . 1/0 is 

T - i lif/fo) - 11/2 (11) 

This equation also illustrates the 
fact that there are approximately 
90 degrees of phase shift near reso¬ 
nance, lagging at frequencies 
below, leading at frequencies above. 

The parallel-T network loads the 
driving circuit at all frequencies, 
and at resonance presents an input 
impedance of Rx/2 for any value of 
k when w = 1. Below resonance 
this impedance increases and above 
resonance it decreases. Loading the 
output of the network with an ex¬ 
ternal load reduces the transmis¬ 
sion on both sides of resonance, al¬ 
though the effect is greater on the 
low-frequency side. However, load¬ 
ing with a value as low as 
3(1 4-k) El reduces the transmis- 


Tdble II—Comparison ol Computed and Measured Tremsmiseione 


TranKniinsion in Decibels 


Frequency 
in cycles 
per second 


k « 1 and m — 1 


k 1 and 

in ■« 5 

Computed 

Measured 

Measured* 

Computed Measured 

1,000 

_ 

-65 

( 1,000 

-65.7) 

_ 


950 

-31.6 

-32 

( 1,053 

-32.7) 

-37.6 

— 

900 

-25.6 

-26.5 

( 1,110 

-26.4) 

-31.6 

-33 

850 

-22.0 

-22.1 

( 1,170 

-22.3) 

-27.5 

— 

800 

—19.1 

-19.4 

( 1,250 

-19.2) 

-25.0 

-26.5 

700 

-14.9 

-15.3 

( 1.430 

-15.2) 

-20.8 

-22.0 

600 

—11.9 

-12.0 

{ 1,670 

-11.8) 

-17.5 

-19.0 

.500 

- 9.15 

- 9.5 

( 2,000 

- 9.4) 

-14.8 

-16.0 

300 

- 4.35 

- 5.0 

( 3,300 

- 4.8) 

- 9.0 

-10.0 

100 

- 0.7 

- 1.9 

(10,000 

- 0.9) 

- 2.5 

- 3.0 


• These two oolumns give the symmetrical frequency on the high aide of resonance 
as cornered to the frequency of the extreme left-hand column and the cor¬ 
responding transmission. The transmissions indicate the degree of symmetry 
of the resfxmse. 
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sion less than a decibel in the region 
from / = 0.5 /q to / = 2/o. 

Varying Rt and either Ri or Rt 
allows sufficient adjustment to tune 
the network to resonance. Each 
component contributes approxi¬ 
mately 0.6-percent change in for 
each 1-percent variation from the 
specified value. An adjustable ele¬ 
ment should have a range of =4:4 
times the individual element toler¬ 
ance to assure the ability of reso- 


IN ooNNEcnoN with the construc¬ 
tion of synchronisation equipment 
for the Stanford University multi¬ 
frequency ionosphere recorder, the 
author developed a frequency di- 


nating the network. 

A parallel-T network resonant at 
1,000 cps and with fc = m = 1 was 
built from the foregoing equations. 
From Eq. 9 = /?- = 16,000 ohms, 

Ri = 8,000 ohms, Ci = C, = 0.01 
Ilf, and C, = 0.02 (xf. With ztl-per- 
cent tolerance capacitors, actual 
values of the resistances required 
for resonance were Rt = 15,800 
ohms, Ri = 16,000 ohms, R» = 8,000 
ohms. The computed transmissions 


By ROBERT R. F. SCAL 

vider which is simple in construc¬ 
tion, dependable in operation with 
either continuous, intermittent 
series or individual actuating 
pulses, and which has already 


(from the design chart) and the 
measured values are presented in 
Table II. Results for a similar net¬ 
work, but for which m = 5, are 
also given in this table. 

The measurements at resonance 
were remade by filtering out the 
second and third harmonics with 
parallel-T networks and rejecting 
hum frequencies with a high-pass 
filter. Under these conditions an at¬ 
tenuation of 115 db was measured. 


Multivibrator 


proved valuable in several other ap¬ 
plications. Due to its original ap¬ 
plication as a pulse-frequency 
halver it was referred to as a pulse- 
halver. However, it is more "broadly 


Cathode-Coupled Half-Shot 
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FIG. 1 —Circuit of the half-shot multivi¬ 
brator 


referred to as a half-shot multivi¬ 
brator, from the fact that it is de¬ 
veloped from the basic Eccles-Jor- 
dan multivibrator circuit and that 
one-half an output cycle is obtained 
for each complete input cycle. 

The circuit developed by the au¬ 
thor is simple in construction and 
does not require a large negative 
voltage from a separate power sup¬ 
ply. It operates with any plate 
supply voltage from 125 to 326 
volts and the cathode potential will 
not exceed eighty volts with re¬ 
spect to ground or heater. 

Uttt 

One application of this circuit is 
for frequency division, where any 
frequency (from practically zero on 
up into the lower r-f range) may be 
divided by any power of two simply 
by using the required number of 
stages in series, the output of each 
stage being applied to the input of 
the next through a simple R-C dif¬ 
ferentiating circuit. By means of 
a single-pole selector switch a ver¬ 
satile circuit may be constructed 
to give either rectangular waves 
or pulses, by connecting the taps 
either ahead of or following the dif¬ 
ferentiators, or both, at a number 
of different frequencies. 

The half-shot mi^ltivibrator may 
also be employed as an electronic 
switch, which operates each of two 
external circuits by means of the 
output voltage of either or both of 
the plates. For this purpose the 
circuit supplies two rectangular 
waves 180 degrees out of phase. 

Circuit Opcrotion 

The basic circuit is shown in 
Fig. 1. This circuit is symmetrical 


and is stable with either triode con¬ 
ducting, and the other one cut off. 
This means that it is possible for a 
single input pulse to actuate it for 
one-half cycle. 

As this circuit is activated only 
by a negative pulse whose magni¬ 
tude is limited to a reasonable 
value, it may be triggered by a dif¬ 
ferentiated rectangular wave, each 
cycle of which gives a single operat¬ 
ing pulse and thus one-half of an 
output rectangular wave cycle. In 
this way, two input rectangular 
wave cycles (pulses) give a single 
output rectangular wave cycle. If 
alternate negative input pulses are 
equally spaced, the output will be a 
square wave, but by controlling the 
spacing of the input pulses, rec¬ 
tangular waves of various propor- 
tion.s may be obtained from the 
output. 

Action With Potitivo Pulse 

In either stable condition, one 
triode is conducting and the other 
is cut-off. If a positive pulse is ap¬ 
plied to the cathodes the conducting 
tube will tend to conduct less cur¬ 
rent. However, this tendency is 
counteracted by the fact that any 
decrease in this grid-cathode po¬ 
tential causes less grid current to 
flow, and the drop in the cathode, 
the grid-to-plate, and the plate-to- 
plate supply resistors causes the 
grid voltage to return to nearly 
zero with respect to the cathode. 

As the cathode and grid go posi¬ 
tive as a unit, the plate does like¬ 
wise, and due to the coupling capa¬ 
citor the grid of the cut-off tube is 
forced to go more positive. How¬ 
ever, the grid-cathode potential of 
the cut-off tube remains about the 
same and this tube is held beyond 
cut-off even with a positive pulse 
on the cathode. Therefore the cir¬ 
cuit is not actuated by positive 
pulses as long as the coupling ca¬ 
pacitor’s discharge time constant is 
large compared to the pulse width, 
and the pulse is of reasonable mag¬ 
nitude. 

With a positive input pulse, a 
very small positive pip is visible on 
the plate waveform during both the 
cutoff and conducting portions, 
since the drop in grid current of 


the conducting tube also causes the 
latter’s plate voltage to rise. These 
pips are visible only with large ver¬ 
tical amplification of the plate volt¬ 
age waveforms. 

Effect of Negotive Pulse 

If a negative pulse is applied to 
the cathodes, the tube that is con¬ 
ducting will continue to do so, but 
the other tube will start to conduct, 
causing its plate voltage to be de¬ 
creased. Due to the coupling ca¬ 
pacitor, the grid potential of the 
conducting tube will be slightly de¬ 
creased also, so that it starts to cut 
off, causing its plate voltage to rise, 
which in turn raises the grid-cath¬ 
ode potential of the formerly con¬ 
ducting tube still more through the 
other coupling capacitor. 

This action is cumulative and in¬ 
stantaneous, amounting to a com¬ 
plete switching of tubes. Another 
negative pulse applied to the cath¬ 
odes will switch the tubes back to 
their original condition, in a simil¬ 
ar manner, and repeated pulses re¬ 
sult in rectangular waveforms on 
each plate of one-half the frequency 
of the negative triggering pulse. 
The output of either or both plates 
may be used, as desired. 

The resistance values are calcu¬ 
lated with the aid of the tube char¬ 
acteristic curves to give a steady- 
state condition which can be easily 
switched by the available cathode 
pulse so that when one tube has 
zero grid-cathode potential the 
other will be held just beyond cut¬ 
off. 

The limitations on the operating 
frequency range are due to the 
charging and discharging of the 
coupling capacitors. Above the 
upper frequency limit the circuit 
acts like a conventional frequency 
divider whose operation depends on 
the charging rate of a capacitor, 
and thus its factor of frequency di¬ 
vision is a function of the input 
pulse width and R-C time constants. 

For normal operation, the sise of 
the coupling capacitors is not crit¬ 
ical. The capacitance must be 
great enough so that little charging 
and discharging can take place 
while the pulse is applied to the 
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FIG. 2—^Woveformi at element! of one 
triode. The pip at the cothode it due to 
charging effect! of an itoloting capacitor 
in the input pulte circuit 


cathodes. Otherwise the circuit 
becomes unstable and does not 
know which way to jjo because each 


triode will be conducting an equal 
amount of current and it will be a 
matter of chance which tube gains 
control and causes the other tube 
to be cut off. The capacitors must 
be small enough so that they can 
charge and discharge sufficiently 
between pulses to be prepared for 
the next pulse. Fig. 2 shows the 
waveforms of the circuit when ac¬ 
tuated by a 60-cycle input pulse. 

Tubes Criticol 

Either a high-mu (6SL7) or a 
medium-mu (6SN7) twin triode 
may be used. The wider the fre¬ 
quency range over which a particu¬ 
lar circuit is to operate, the more 
constant the plate supply voltage 
must be, and for best results in such 
applications a regulated power sup¬ 
ply is indicated. 

Particular tubes of the same 
type will not always operate in this 


circuit, and sometimes it is not pos¬ 
sible to obtain operation by adjust¬ 
ment of the resistor network alone. 
However, the circuit can always be 
made to work by connecting small 
external capacitances across the 
tube elements by trial and error. 
Adjustment of circuit resistance or 
external capacitance to make a par¬ 
ticular tube operate is not recom¬ 
mended. It has been found that 
when a circuit has once been made 
to work properly, and no external 
capacitance other than stray capa¬ 
citance is present, approximately 
60 percent of the dual triodes se¬ 
lected at random will operate. The 
use of individual triodes may be 
preferred to facilitate obtaining 
properly matched pairs of triodes. 

The very large rectangular wave 
output is capable of producing so- 
called r-f burns, even with a repe¬ 
tition frequency as low as 16 cps. 


Voltmeter Loading 

Simple nomograph gives true voltage in high-impedance circuit when measurements are 
made with two diflferent voltage ranges of an ordinary low-sensitivity voltmeter. Under¬ 
lying equations for voltmeter error are given, with examples of use 

By R. E. LAFFERTY 


M easuring voltages across 

high - impedance circuits 
with voltmeters of sensitivities in 
the order of 1,000 ohms per volt 
will give readings that are appre¬ 
ciably less than the true voltages. 

The higher the input resistance 
of a voltmeter, the lower will be 
the required deflection current and 
hence the smaller the error. With 
voltmeters of 20,000 ohms per volt 
sensitivity or greater, the error 
is usually negligible. 

There are many voltmeters in 
use of the 1,000 and 5,000 ohms per 
volt class, and frequently these are 
the only instruments available when 
it is desired to know the actual volt¬ 
age across a circuit. 

The purpose of this paper is to 


provide an equation (suitable for 
slide rule calculations) and a nomo¬ 
graph (which only requires a 
straightedge) that will quickly yield 
the true voltage in a circuit after 
two measurements are taken with a 
voltmeter of low sensitivity. The 
only requirement of the voltmeter 
employed is that the internal re¬ 
sistance of the meter be directly 
proportional to the voltage range 
selected. All of the common type of 
current-operated voltmeters come 
under this classification. 

The circuit shown in Fig. 1 rep¬ 
resents a voltmeter with two ranges 
connected to a simple network. In 
practice, circuits are usually more 
complex than this, but they can be 
reduced to an equivalent circuit 


similar to that in Fig. 1. 

Let E « true voltage acros! Rn with 
voltmeter disconnected 
En voltage measured across U„ on 
highest meter range that will 
give an accurate reading 
El » voltage measured across Kn on 
next lower range 
Eg ■■ source of constant voltage 



FIG. 1—Circuit of two-range voltmeter 
used o! example 
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no* 2—^VoltaMlftr loodlag nomovroph. Talw Toltog# readings on two rongot* dlTldo 
hlglior loagg aecdo hf lewor to got S (otthor 2. 2.5* 4, or 5 on otcmdord golt-ohm- 
allUoaunotoro). thou ploeo otrcd^todgo on mocnurod toIuos and £„) tor S seed# 
la qiioolioa cnul rood trno gollogo on CHUoinlng E oeolo. 11 rongo of anj •colo to 
teodoqiioto* aniitiply oU ocedo Tolvot by 10* 100* or cray othor conToalont factor 


Rm internal resietaoee of voltmeter 
when meaeuoing £» 

Rl «" internal nmtaaoe of voltmeter 
when meaeuiing £& 

8 •" ratio of two sc^ee need; 

8 m Rg/R^ 

Rm "• reeistanee acrow which output 
voltage ii developed 
Rm aeries dropping reristanoe that 
aooounti for differenee in El, 
Mg, and E» 


Porivofloii of l^oofloii 


E "" Eo 


Rn + Rm 


Eh ■■ Eg 
Eg^ E 
El^-E 


RnRn 


RgRm 4 “ RaRn 4 " RmRn 

Rm-^ Rn^ iRmRjRM) 
Rm+ Rn 

Rm + Rn-^ (RmRn/Rl) 


( 1 ) 

(2) 


Substituting SRg, for Ru in Eq. 1 
and solving for E in both equations, 
we have 


Simple circuit theory allows us « 4-4-{£«/?«* 

to write Jim + Rn ^ 


„ „ Rm^ Rn’h (Rn^RJEl) 

* ” -stta; 

Rearransring Eq. 8 and 4 

(ft. + ft.) (ft - ft») - Eh (6) 

(ft. + ft.) (ft - El) - E^ (6) 

Dividing Eq. 5 by Eq. 6 


5fti (ft - Em) - ft* (ft - El) 

(S - 1) ft* 

* ” 8 - (Eh/El) 

This equation is particularly suited 
to slide rule calculations. 

Example 1: A voltmeter, when 
placed across two terminals, reads 
105 volts on its 200-volt range. The 
meter is switched to the 100-volt 
range and reads 70 volts. Divide 
105 by 70 and subtract the quotient 
from the scale ratio of 2.0. This 
gives us 0.5 for the denominator. 
It should be noted at this time that 
when the scale ratio is 2.0, the term 
(S -- 1) in the numerator equals 
1.0. Now divide 105 volts by 0.5 
and the result is the true voltage 
of 210 volts. 

Example 2: A voltmeter reads 50 
volts on its 150-volt range. On the 
60-volt scale it reads 40 volts. 
E„/El = 60/40 = 1.26. Subtract 
this from the scale I'atio of 2.6 and 
the denominator equals 1.26. Divide 
this into E„ (60 volts) and multiply 
the quotient by (2.6 — 1) or 1.6. 
The true voltage is 60 volts. 


Us* of N*in*«rapli 


Although this equation is not 
difficult to use when one has become 
familiar with it, still it is less trou¬ 
ble and quicker to lay a straight¬ 
edge on a nomograph and read the 
unknown value directly. 

The nomograph presented in this 
paper is divided diagonally into two 
parts. Each half is used in the same 
way. The graph was divided to fa¬ 
cilitate reading the four scales for 
S = 6, 2, 4, and 2.6. These values 
of S were chosen after 26 volt-ohm- 
milliammeters of 10 manufactur¬ 
ers were examined for their most 
popular switching ratios of both 
d-c and a-c ranges. The favorites 
are 6 and 2, with 4 and 2.6 used 
least. The ratio of 10 was used so 
seldom that it was not included in 
this nomograph. 
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As in the case of the equation, 
the best way to explain the use of 
the nomograph is with example 
problems. To compare the results 
01 he equation with that of the 
nomograph, use the same problems 
as before. 

Example 1: En = 105 volts and 
El = 70 volts. Place a straightedge 
between these values on the E,t and 
El scales for S = 2.0 and let it ex¬ 
tend to the E scale. The straight¬ 
edge will pass through 210 volts on 
the E scale, which is the true volt¬ 
age, Note: This lower right half of 
the nomograph is also used when S 
= 5. Since values here are beyond 
range of nomograph, values on all 
three scales were multiplied by 10. 

Example 2: En = 50 volts and 


El = 40 volts. This solution re¬ 
quires the use of the upper left half 
of the nomograph since S = 2.5. 
Using the scales for S = 2.5, with 
all scale values multiplied by 10, the 
true voltage is found to be 60 volts 
on the E scale. 

The equation and nomograph will 
yield the true voltage only when the 
measurements are taken across 
linear circuits. Should lowering the 
voltage, due to voltmeter loading, 
change the network resistance, the 
nomograph can not be used. 

The question arises as to how well 
the nomograph will apply to vac¬ 
uum-tube circuits. Placing a cur- 
rent-operated voltmeter between a 
tube element and ground will lower 
the voltage on that element. Experi¬ 


ment shows that when the tube is 
operated with fixed bias the ele¬ 
ment resistance changes consider¬ 
ably with changes in element poten¬ 
tial and the nomograph should not 
be used. 

When cathode bias is employed, 
the reduction in voltage is accom¬ 
panied by a proportional reduction 
in current. Thus the resistance of 
the tube remains substantially con¬ 
stant within the normal limits of 
operating voltage for the tube. In 
this instance the nomograph may be 
used, but with reserve. The result¬ 
ing error is usually less than 5 per¬ 
cent but higher errors have been 
encountered. However, the error 
before using the nomograph was 
in some cases as high as 60 percent. 


Reactance Networks with Resistance 

Terminations 

A general treatment of bisectable reactance networks with equal resistance terminations, 
especially with the reactors ideal; illustrated by working out the detailed performance of 
four-element networks commonly used for simple low-pass purposes. Illustrative curves 
and numerical examples are given for determining the reactor elements required to produce 
a specified curve, and for determining the curve corresponding to a given set of elements 

By E. $. PURINGTON 


M any electrical circuits consist sertion properties of the network with the numerical impedance of 
of a bisectable symmetrical are most readily derivable from the each inductor proportional to fre- 
network of reactor elements inserted termination impedance R, and the quency and of each capacitor in- 
between two equal resistance termi- impedances Z. and Z, looking from verseiy proportional to frequency, 
nations. These are exemplified by the termination R into the first half By reference to Fig. IB, Z, and Z, 
the simple but important arrange- portion, first with the connectors become pure reactance impedances 
ment of Fig. lA, where the network opened, then closed by shorting jX, and jX., and simple right angle 
comprises the reactor elements Li, them together, using triangle type vector diagrams result 

C, and C» and the driving voltage . . e/JR showing the circuit relation for the 

£ in the sending arm B produces an - ■, “ open closed conditions. The 

output current /, in the receiving (l + Z./fi) (l 4- Z,IR) _ ^ ratio X,/R is the tangent of the 

arm which is also a resistor R. Also ~ phase angle by which voltage E leads 

indicated is the first half portion This equation becomes greatly the current and X./R is the tan- 
of the system resulting from bisec- simplified if ideal conditions are gent of the angle by which voltage E 
tion, and the electrical connectors stipulated, with the terminations R leads the current /,. These 'angles 
by which power can be transferred of pure ohmic resistance independent e, and $, cannot differ from zero by 
to the second half portion. With the of frequency, with each reactor ele- more than 90 electrical deg., but 
reactor elements dissipative, the in- ment free from dissipative loss, and can be positive or negative. For the 
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point computations, especially sim¬ 
ple equations result by substituting 
qo = tan 0„ and qc = tan (9,. in Eq. 
4 and 6 , and simplifying to yield 

Loss 10 logic cosec® (6, — 6,) (6) 

Lag « (d, 4- =t 90 deg. (7) 

In Fig. 2 is given a chart and 
explanatory matter for quickly eval¬ 
uating the insertion loss by Eq. 6 , 
applying to any bisectable symmetri¬ 
cal network with equal resistance 
terminations. By its use the insertion 
loss for any specific choices of ele¬ 
ments such as Lu C, and of Fig. 
1 A inserted between specified re¬ 
sistance terminations R can be most 
rapidly evaluated. Substantially all 
that is required is computation of 
the angles (K, and 0, by which the 
driving voltage E lead.s the current 
case illustrated, 0. is negative for aU than 90 electrical deg. The inser- pi-oduced by that voltage for the 
frequencies, but is positive for low tion loss in decibels, 10 log,,, (^P -f- two conditions with the circuit as a 
frequencies and negative for high N^) is 0.3 db, and the insertion lag, whole opened and closed at the ccn- 
frequencies. The ratios XjR and tan ‘ (N/M) is +75''. In terms of ter of .symmetry. 

Xt/R will be here termed < 7 , and q, the q*s, in general The more important problem usu- 

from analogy to the quality factor I p n ally is to predetermine what values 

Q expressing the reactance-resist- 10 log, 0 + j I f must be assigned to the elements to 

ance ratio for coils or condensers. ^ be inserted between specified ter- 

These q*s in general are complex Lag = tan-» [j (5) niinations R so that the loss and 

functions of frequency, with values I)ossibly the lag will be a suitable 

ranging from negative infinity to These equations are especially useful function of frequency. For this pur¬ 
positive infinity. The vector dia- if the loss and lag are to be com- pose it is desirable to use equations 
grams of Fig. IB depict conditions puted after expressing the q's for in terms of the q’s, survey the en- 
for a combination of elements which any specific circuit as algebraic tire po.ssibilities of curve shapes 
for some frequency makes 0„ =r functions of frequency. For single afforded by a given network arrange- 
—45 deg., Oc = 30 deg., for which 



Fig. 1—BUectabl* reactance networks with equal resistance terminations 


the tangents are q., = —1.0 and q, =: 
0.677. 

With this stipulated simplifica¬ 
tion, Eq. 1 becomes 

lnserti3n ratif> « — = 

and because the q’s do not involve 
; = V ^1, this simplifies to 

Toaertion ratio « I ^ j — L I ~ 

1.7- - 1 9* ~ J 

(.S) 


80 that M and N are directly com¬ 
putable from the q’s. For the sam¬ 
ple values given above, M = 0.268, 
N = 1.0, and since M and N are 
both positive the ^ insertion ratio 
vector is in the first quadrant, with 
the termination current Ir lagging 
behind the reference current E/2R 



and therefore behind E itself by less 


Fig. 2 —Lms cohI log chorocterittioi for blteeloble B4C cifcullt 
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ment, choose the shape that is most 
satisfactory, and evaluate the re¬ 
actor elements which for the speci¬ 
fied R will yield that shape. Before 
carrying through the necessary rou¬ 
tine using Fig. 1, it will be helpful 
to study Eq. 4 and 5 in greater 
detail. 

Quick inspection of Eq. 4 shows 
the loss is zero for any frequency 
making the product of the q*s nega¬ 
tive unity, and the loss is infinite 
for any frequency making the q*s 
equal. Less obviously, zero loss is 
approached for any condition mak¬ 
ing one of the q*s a very large value 
and the other a very small value. 
Such is the case in the cited example 
of Fig. IB for frequencies near zero, 
making q., highly negative and q, 
only slightly positive. Less obvi¬ 
ously also the loss is very great for 
any condition making both of the q’s 
very small, as is the ca.se in Fig. IB 
for very high frequencies with the 
q\s only slightly negative. Inspec¬ 
tion of the circuit configuration 
often reveals conditions of zero and 
infinite loss. In Fig. lA, the loss is 
of necessity infinite for the fre¬ 
quency of antiresonance of elements 
L, and C,, corresponding in fact to 
the q's of Fig. IB being algebraically 
equal. Inspection of a circuit config¬ 
uration will alway.s fail to disclose 
the condition of zero loss due to the 
product of the q’s being negative 
unity, since not all combinations of 
elements will result in such a condi¬ 
tion existing. 

It is noteworthy that the loss 
equation involves the product and the 
difference of the q*s, while the lag 
equation involves the product and 
the sum. The quotient of the q's is 
not as yet specifically involved, but 
for the present has the hidden value 
of clearing up the equational am¬ 
biguity as to the quadrant location 
of the phase angle. In Eq. 5, if the 
tangent of the phase lag angle is 
positive, the angle may be in the first 
or third quadrant, but if negative, in 
the second or fourth. Referring 
back to Eq. 2, M = 

— Qc) is positive provided the 
quotient iqc/q^) is within the limits 
—1 to 1. Therefore if (q^/q.)* is less 
than unity, or correspondingly 


is less than unity, the lag 
angle must be located in the first or 
fourth quadrant for which M is posi¬ 
tive, otherwi.se it must be located in 
the second or third quadrant for 
which M is negative. 

Absolute determination of the lag 
angle must be based upon agreement 
as to lag for some specified fre¬ 
quency. Since in Fig. lA all the 
network currents for very low fre¬ 
quencies are in the inductor L, di¬ 
rectly connecting the two termina¬ 
tions, so that the network produces 
no effect at zero frequency, it will 
be agreed that the lag is zero at zero 
frequency, and not, for examr>le 360 
deg. But at infinite frequency the 
loss approaches infinity and the lag 
angle approaches the boundary be¬ 
tween the first and second (quad¬ 
rants. Absolute lag, as for example 
90, 450, or—270 deg., can be found 
only by applying the physical doc¬ 
trine of continuity and integrating 
the phase changes as the frequency 
progre.sses from zero to infinity. 
Unfortunately E(i. 3 points out that 
as frequency change.s in such a way 
as to make {q-q<) change sign, the 
vector (M-f/N) changes by 180 deg. 
No physical discontinuity is involved 
because at the same time the inser¬ 
tion loss is infinite. What happens is 
a reversal of the load current Ir as 
it passes through a condition of zero 
magnitude, analogous to the change 
of directicm of current in the gal¬ 
vanometer arm of a bridge in pass¬ 
ing through a condition of balance. 
Nevertheless there is no .short 
method of checking whether 180 
deg. must be added or subtracted 
when the frequency passes through 
the critical value. Apparently the 
only satisfactory procedure to clear 
up this point, if important, is to 
compute the performance at least 
once with an element such as L, of 
Fig. 1A slightly dissipative, using the 
more general Eq. 1, useful when 
Zr/R is a complex imaginary. The 
lag performance under this condi¬ 
tion will serve as a guide to what 
should be done in the limiting ca.se 
with the element L, mathematically 
free from loss. 

SplHfioR of SpoeiRc Rroblom 

The procedure necessary to de¬ 


velop loss and lag equatiems for any 
network to which the preceding 
theory applies will be illustrated by 
working out the complete solution 
for Fig. lA. Here is a circuit with 
four differently choosable electrical 
elements, the terminations jR, and 
the network reactors L„ Ci and Cc 
It is required to develop the inser¬ 
tion performance equations covering 
all possible combinations, survey the 
po.ssible curve shapes and tabulate 
information as to how any selected 
curve shape may be realized. 

If a set of values is randomly 
assigned to the circuit elemehts, the 
performance as here defined will not 
be modified by multiplying the 
impedance of each element by a 
given factor, as for example by 
doubling R, doubling L, and halving 
the capacitances of Ci and C,. But 
the performance will be altered if 
the terminations R are held con¬ 
stant while the impedances of the 
network elements are doubled, since 
the q's will be doubled. To provide 
for various impedance levels of the 
network elements with respect to 
the terminations, an impedance level 
parameter h is introduced to which 
in the equations the q's will be pro¬ 
portional. 

With a fixed specified value for R, 
the only way that the elements of 
the netw’ork may be modified with¬ 
out curve .shape changes is by mul¬ 
tiplying the network reactor values 
Li, and Ca all by the same factor, 
as by doubling. What previously 
happened at frequency / will subse¬ 
quently happen at a frequency //2, 
thereby shrinking the curve if 
plotted on a frequency basis. If 
however some significant reference 
frequency is set up, as for exam¬ 
ple the cutoff frequency of the curve 
.shape if u.sed for filtering purposes, 
and the curve is plotted in terms of 
the ratio of any frequency to the ref¬ 
erence frequency, change of the ref¬ 
ence frequency will not change the 
curve shape. In the present example 
the significance of Fo as the cutoff 
frequency is chosen to give the sim¬ 
plest possible loss equation, but its 
cutoff significance appears only after 
specific curve shapes are plotted. 

The ratio //F, will be here given 
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Fiq. 3—Circuit dcilgnotioiii ihowlaq 
rclotion butwuan physical •Ismsnts 
ond impsdancs toIuss 


the designation x customarily ap¬ 
plied to the abscissa in curve 
plotting. 

With a fixed R, and choices of h 
and F« which must be held constant, 
variations in elements L„ Ci and C, 
are still possible. Li and Ci deter¬ 
mine a finite frequency for infinite 
insertion loss. The ratio of this fre¬ 
quency to F. will be termed k, 
the infinite loss parameter. Chang¬ 
ing k requires modification of L„ Ci 
or of both, and with the re¬ 
quirement that h and F. will not be 
changed, it develops that all three 
reactor impedances must be altered, 
but not in a proportionate manner. 

In place of the three physical ele¬ 
ments L„ Cl and Ci it becomes neces¬ 
sary, therefore, to jjeal with three 
abstract elements F., h and k, to 
yield performance equations in 
terms of x, h and k. It must be pos¬ 
sible to evaluate the reactors for the 
specified F, the value desired to rep¬ 
resent F. corresponding to x=l, and 
the values chosen for the parameters 
h and k determining and identifying 
the curve shape to be duplicated. 

It works out most advantageously 
to designate reactor values as func¬ 


tions of F, F«, h and k in two steps. 
Basic values of inductance and ca¬ 
pacitance designated L and C are de¬ 
fined as those having numerical im¬ 
pedances hR at F„ thereby involving 
everything except k. The various 
inductor and capacitor elements in 
the network are then these basic 
values multiplied by factors w, n 
and /), for example, which involve 
only k. In terms of inductance, ele¬ 
ment Li of Fig. lA is replaced in 
Fig. 3 by element pL, for example, 
but because of the definition of L 
on an impedance basis, the element 
is also capable of being assigned an 
impedance designation pL=jhRpx. 
Similarly for example C, can be des¬ 
ignated mC—-jhR/mx^ and C,= 
-jhR/nx. Designations here used 
for basic values of L and C differ 
from other practices in standard 
texts, but this seems justifiable be¬ 
cause of the greater simplification 
of results and because of the direct 
physical significances in terms of 
impedances. The general equations 
universally useful for computing 
basic L and C values, together with 
the various combinations of units 
with which they may be used, are 

L « 0.1592 hli, F. C - 159,200/hRF. 

F R L C 

cps.ohms.henry. 

kc8.ohms.mh. mui 

Mc 8.ohms.Mb. ma^ 

For example, to be at an impedance 
level of h~4 with respecl to a 600- 
ohm termination at 200 cycles, the 
basic value of L must be 1.592 henry. 
Or a 100-ft/i/ condenser operating 
at F.=10 me may be considered to 
be at an impedance level of h=22 
with respect to a 72-ohm resistance 
impedance. 

For determining what functions 
of k the multiplying factors m, n and 
p of Fig. 3 must be, one require¬ 
ment is that pL and nC must be of 
equal numerical impedance for the 
special frequency value kF, for 
which xzzk. This requires the rela¬ 
tion Two other relations 

must be found. Inspection of Eq. 4 
indicates the desirability of making 
as simple an algebraic function 
as possible. Using the impedance 
designations of Fig. 8, routine alge¬ 


braic procedure yields for the q's 
and their product 

— A — hpx 

* mx ’ “ [(m -f 2n) - 2) ' 

^_M_ 

^ ^ “ jm (m -h 2n) ap* — 2m/p] 

The product function q. q, will 
take on the simplest possible form 
/iV (x* — 1) provided the relations 
mim -f 2n) = 1 and p = 2m are 
met as well as the previously estab¬ 
lished relation pn = 1/fc*. These 
three relations are met if m, n and p 
are the following function of k 

m « vrnF*- 

n - l/2Jfc - l/2mjfe* 

p « 2 » 2m (8) 

With these functions of k now re¬ 
placing m, n and p, the q’s become 


~ h 


9* 


Vl - hr* (x) 

- h Vl - 1r* (x) 

• (ap* - 1) 


(9) 


The four combinations of the q's 
which determine the circuit per¬ 
formance are 

h* 

(*S- 1) 5 

, \ >(*>-»*) 

(9. ».)- tv (*•- 1) (*) (Jf>-1) 

UO) 


9*/9. 


(1 - X* 

(X. Z if’ • 


(9* + 9«) 


h [k^ ~ (2/j» ~ 1) ar«| 
k VA^ ~ 1) (x) (x* - 1) 


Substitution of the product, dif¬ 
ference and sum functions of the 
q's in Eq. 4 and 5 yield the loss and 
lag equations which when reduced to 
simplest form are recorded as part 
of the Chart. These permit loss and 
lag curve shapes to be computed and 
plotted as functions of x = //F. for 
all possible combinations of h and k 
within the allowable ranges of these 
parameters. The loss is zero db for 
any condition making Fu.. zero, in¬ 
cluding the two conditions x = 0 
and X = a 3= Vl — A*, the latter of 
which occurs only if h is less than 
unity for this type of circuit. This 
condition is a function of the net- 
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Fig. 4 shows the effect of chang¬ 
ing the impedance level using a 
fixed value of = 1.25, and three 
choices of h. Values of h less than 
unity, say in the vicinity oi h zz 0.6 
are most desirable if low loss is 
desired over the greatest possible 
frequency range. 

Figure 5 gives more detailed in¬ 
formation for parameter values 
h = 0.6, k = 1.25, and includes in¬ 
formation for a dissipative case 
computed by the more complex 
equations required, based on Eq. 1. 
Various loss and lag points cover an 
assumed case with inductor element 

pL including in series a resistor 
sufficient to make the Q of the in¬ 
ductor arm the reasonable value of 
20. The effect of dissipation is of 
most importance just below cutoff. 
Comparison of the loss curve for 
the dissipative case with the curve 
of Fig. 4 for h = 1 will serve to 
emphasize that choice of impedance 
level of the network with respect 
to the terminations may be of more 
practical importance than choice of 
kind and amount of material neces- 
work and of the termination. Infi- entirely absent with the two ter- sary to give extreme values of qual- 
nite loss requires the loss function minations direct connected to give ity factors of reactor elements. In 
to be infinite, including the two con- zero loss and lag at all frequencies. Fig. 5, the lag points for the dissi- 
ditions x =: k and x = infinity, 
which are determined by the net¬ 
work only. Information is included 
also to enable the network elements 
to be computed corresponding to any 
specified value of R, any frequency 
Fc desired to correspond to a; = 1, 
and any curve shape specified by 
numerical values of h and k. 

Included with the Chart are loss 
curves for h = 0.6 and k = 1.1, 1.5 
and infinity, illustrating choices of 
parameters which give circuit ele¬ 
ment values suitable for low-pass 
filter purposes. With the sharpest 
cutoff curve {k = 1.1) there is only 
6 db difference between maximum 
loss in the pass range and the mini¬ 
mum loss in the attenuation range. 

For higher values of fc, greater fil¬ 
tering effect in the two ranges is 
accompanied by lesser sharpness of 
cutoff. At k = infinity, factor n 
becomes zero, and the element nC 
is therefore not required. The 
other limiting condition with k = 

unity results in the network being Fig. S—Mor« dstaU«d dato for parom»t«r TaluM h=0-S. lr==1.2S 




Fig. 4—Low-pom liltar choroctariitici; elfact of changing impedonca laval 
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_J 


pL 


Ins. loose 10 log,o (l + Fw, (x.H. k)] 
fns. loigetan*' (Flag (x.h.k)] 


Fo* cutoff frequency; 0<^h<oc; l<k<oc. 




FI 9 . 6--Charact«ristics of low-pass liltor unit with serorol values of b 


pative case justify the phase re- 
versa] for the limitinsr non-dissipa- 
tive case &t x =: k being interpreted 
as a decrease of lag with increasing 
frequency, thereby making the lag 
for infinite frequency 90® instead of 
450®. This should not be consid¬ 
ered to rule out the possibility of 
other and more complex networks 


yielding integrated lag changes of 
more than 360® over the entire fre¬ 
quency range. 

The information of the Chart is 
arranged for ready evaluation of 
reactor elements corresponding to 
any curve shape and specified values 
of terminations and cutoff fre¬ 
quency. For example, for termina¬ 


tions 5000 ohms, impedance level 
h = 0.6, and F. = 10 kc, the basic 
values of L and C are 47.7 mh and 
5.31 m/xf. Values of the multiplica¬ 
tive factors for values of k greater 
than unity herein mentioned are 
given below. 


k 

m 

n 

V 

1.1 

0.416 

0.99 

0 832 

1.25 

0.600 

0.633 

1 200 

1.50 

0 745 

0.298 

1.490 

Infinite 

1.000 

0.000 

2.000 


Noting that the sum of all three 
capacitors (n + 2m) C is practi¬ 
cally independent of /r, and that over 
a limited range of inductance the 
amount of material is practically in¬ 
dependent of pL provided the coil 
quality Q is kept constant, it follows 
that economics does not enter into 
the choice of k. For the choices of 
F, Fc and h given above and the 
additional choice k = 1.25, the net¬ 
work is found to require an inductor 
pL = 55.3 mh, two condensers, 
mC = 3.19 m/tf, and one condenser 
= 2.84 m/xf. 

The inverse problem of determin¬ 
ing the curve shape and cutoff fre¬ 
quency for a specified set of circuit 
values is somewhat more complex, 
but will be carried through to indi¬ 
cate that all combinations are cared 
for in the general solution here 
given. Given for example R = 
500 ohms, mC = 0.1 /nf, nC = 0.2/xf, 
pL = 2 h, it is required to deter¬ 
mine R, F., h and k. Knowing that 
pL and nC resonate at /cF„ it fol¬ 
lows that ifcF„ = 159.2/y/ (pL) (nCy 
= 252 cps. Study of Eq. 8 shows k 
can be determined from the two 
condenser values mC and nC, since 
fc = VI 4“ mCl2nC, that is k = 1.12. 
Therefore F. = 225. Also from 
Eq. 8, values of m, n and p for fc = 
1.12 are 0.447, 0.894 and 0.894 re¬ 
spectively. Therefore from the 
known values of the circuit elements, 
L = 2.24 h and C = 0.224 pi. Using 
the formulas for L or for C in terms 
of ht R and F„ h in either case is 
6.81, Therefore, R = 500, F. = 225, 
h = 6.81 and k = 1.12. For this 
combination the curves could be 
plotted if desired, but the loss curve 
would not be radically different in 
nature from Fig, 4, = 5, ^ = 1.26. 
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Cathode Follower Nomograph 

Gain, amplifiration factor, and the ratio of cathode 
load resistance to tube plate resistance are related 

By MELVIN B. KLINE 





0 01 - 


T he cathode-follower has 
bfcome one of the most use¬ 
ful tools of the electronic engi¬ 
neer because of its desirable 
characteristics as an impedance 
transformer. 

Neglecting the effect of inter¬ 
electrode and other shunting 
capacitances, the actual and 
equivalent circuits of the cath¬ 
ode-follower are as shown on the 
nomograph. Circuit equations are 

yuA’f, = {Rk 4 (1) 

Eo ~ Rkip ( 2 ) 

Kt — K,f 4 - Eo ( 3 ) 


Since the gain ,4 is the ratio of 
output voltage to input voltage, 
solution of these equations re¬ 
sults in the following expression 
for the gain of a cathode-follower 

E, r, f R, (m + 1) ^ ’ 


Dividing by and letting RJr,, 

-- 77 


A 


__ 

M4-14-(l/nj 


(6) 


When n is very large {Ru>>r^)^ 
the gain approaches a maximum 
value of 1. 

Very often, the engineer wa.nts 
to know how much gain (actu¬ 
ally loss) he will get from a 
cathode-follower using a specific 
tube and cathode resistor. The 
nomograph relates tube amplifi¬ 
cation factor /L, gain A, and the 
ratio n of cathode load resistance 
to tube plate resistance 
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Cathode Follower Nomograph for Pentodes 

Gain, transconductance, and cathode load resistance are 
related in this nomograph 

By MELVIN B. KLINE 


IN MICROMHOS 
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W HEN USING PENTODES as 
cathode followers, it is 
generally easier to work with 
transconductance than with am¬ 
plification factor in computing 
gain and output impedance. The 
gain >4 of a cathode follower is 


~ r/-f i?* + 1) 

where m is the amplification fac¬ 
tor of the tube, r, is the tube 
plate resistance, and Ek is the 
cathode resistor value. Dividing 
both numerator and denominator 
of this equation by and sub¬ 
stituting = /i/r,, the equation 
for gain becomes 

A as _ ifmEk 

1 + ffmfijt + (Jik/rp) 

Since most pentodes are char¬ 
acterized by a relatively large 
plate resistance, and since within 
the normal range of cathode re¬ 
sistance jR»<<r^, this equation 
may be simplled to 


gnJih 

I 4 * 9mRk 


(«) 


A nomograph for this equation is 
given. While it assumes Si, to be 
much smaller than actually 
little error is made in using Eq. 
8 instead of Eq. 2 even when Ru 
is as large as r^. Also, little error 
is made even up to several me 
despite neglect of effects of shunt 
capacitances across JS*. 
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Cathode Follower Impedance Nomograph 

Output impedance, transconductance, and cathode load resistance are related 

By MELVIN B. KLINE 




9m 

IN MICROMHOS 
0 - 


2 , 000 - 


3 , 000 - 


5 , 000 -+- 


f,000-+ 


7 , 000 -+ 


0 , 000 -+ 


IQOOO-^ 


T he output impedance of a 
cathode-follower is readily 
found with the aid of the accom¬ 
panying nomograph if transcon¬ 
ductance and cathode load re¬ 
sistance are known. The perti¬ 
nent design equation is obtained 
by starting with the relation for 
gain in terms of transconduct¬ 
ance. When Rk<<r, 


Ee ^ QmRk 
Ei 1 4- gmRk 


( 1 ) 


Rewriting gives 


E 0 


(1/gm) Rk 

(l/^m) + Rk 


gmEi 


( 2 ) 


This represents a parallel re¬ 
sistance combination consisting 
of two resistances, and 
through which flows a current 
g^Eit as indicated in the con¬ 
stant-current form of the equi¬ 
valent circuit on the nomograph. 

Equation 2 states that the out¬ 
put voltage E 0 is a result of an 
output current (/. = gmE^) flow¬ 
ing through an output impedance 


z. - Rk/(l + gmRk) (3) 

This Z. is the output impedance 
of the cathode-follower as given 
by the nomograph. 

This chart should be of par¬ 
ticular value in providing the 
proper termination for transmis¬ 
sion lines and coaxial cables. 
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DB Gain-Loss Calculator 

By LLOYD A. LOHR 


I N WORKING with communica¬ 
tions equipment, it is often 
desirable to know the db gain or 
loss ratio of two voltagfes, currents, 
or powers with a minimum amount 
of calculation. This nomograph will 
give the db value directly for any 
voltage, current, or power ratio up 
to 1,000 to 1 with only one setting 
of a straightedge, and the range 
can readily be extended by using 
multiplying factors. The converse 
problem, of finding a ratio that will 
give a desired db gain or loss, can 
just as readily be solved. 

If V, and V. are known, place the 
.straightedge to connect their values 
on the outer scales and read voltage 
gain or loss in db on the right side 
of the center scale. 

If F, and F^ are known, place the 
straightedge to connect their values 
on the outer scales and read voltage 
gain or loss in db on the left side of 
the center scale. 

If the db value and one voltage 
or power value are known, connect 
these values with a straightedge 
and read the other voltage or power 
value on the third scale. 

The range of the nomograph can 
be extended by applying a multi¬ 
plier to one of the log scales and 
adding to the db scale values as 
follows: 


Multiplier Add to Add to 
for one values on values on 

log scale F,/F, scale Vj/V^ scale 
10 10 20 

100 20 40 

1,000 30 60 

10,000 40 80 

100,000 50 100 


Example: What is the db gain 
for a voltage ratio of 100 to 67 
From the nomograph, the db gain 
is approximately 26.1 db. Checking, 
db = 20 log V,/V, - 20 log 20 - 
26.06 db. 
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Impedance Nomograph 


the value of X as the ordinate. The 
point so located lies on or near an arc 
which represents a value of Z to be 
read at either end of the arc. The 
angle 0 is found by laying a straight 
edge through the origin and the 
point found above. The value is read 
on the outside quadrant. 

For example: i? is 3 ohms, is 4 
ohms. The point located as above is 
point A on the graph. It lies on an 
arc which has a 5 at either end. A 
straight edge through A and the 
origin intersects the quadrant at 
about 53 degrees. Thus Z is 5 ohms 
and 0 is 53 degrees. If R is 30 and 
X is 40» then Z would be 50. That is, 
the units may be ohms, tens of ohms, 
fractions of ohms, etc, as long as /?, 
X, and Z are in the same units. 

If R is 38 ohms and X is 7 ohms, 
the intersection is now at point B. 
Here the units are tens of ohms. Z 
is approximately 39 ohms and 6 is 
about 10.7 degrees. 

If Z/0 is given, the process is re¬ 
versed. 

If R is ten times X or greater, or 
if X is ten times R or greater, then 
Z is approximately equal to the 
larger value, and 0 cannot be deter¬ 
mined accurately but is larger than 
84 degrees or smaller than 6 degrees 
as the case may be. 

If X is negative, 0 is negative. 


Impedance-Admittance Conversion Chart 

Simple chart for quickly converting Z ~ R ^ jX to Y ~ G :t jB and vice versa 
when combining impedances in parallel. One*decade range requires use of multi¬ 
pliers for most problems, but accuracy is adequate for quick, rough estimating work 

By ROBERT C. PAINE 

W HIN impedances are to be tances so they can be readily added sonable accuracy by the aid of the 
combined in parallel it is toffether. Such conversions can be chart shown. Resistance R is plot- 
necessary to convert them to admit- conveniently performed with rea- ted in a horizontal direction and re- 


By BERSHON J. WHEELER 



This nomogbaph presents a simple or vice versa. Enter the graph with 
means for converting R ± jX to Z/f> the value of R as the abscissa and 
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actance X in a vertical direction, 
being considered positive or nega¬ 
tive depending on whether it is in¬ 
ductive or capacitive. Passing 
through each impedance point R 
jX is an arc centered on the hori¬ 
zontal axis for conductance G, and 
another arc centered on the vertical 
axis for susceptance B of the cor¬ 
responding admittance Y — G 
jB. The susceptance is read as neg¬ 
ative for inductances and positive 
for capacitances. 

Exomples of Uto 

(1) Impedance Z, = i? -f jX — 8 
+ ;5. On the chart this corresponds 
to an admittance Y, ^ G — jB ^ 
0.09 - y0.057. 

(2) Impedance Z, = 2 — ; 1 . 6 . 

The corresponding admittance is 
y, = G -f- = 0.32 -f yo.24. Be¬ 

cause Zs lies near the origin, greater 
accuracy can be attained by using 
a multiplier such as 4. Then 4Zs = 
8 — ; 6 , ^he corresponding value of 
y is 0.08 -i- ;0.06, and this value 
multiplied by 4 gives the correct 
value, y, =: 0.32 -f- iO.24. 

(3) The impedances of examples 
1 and 2 are combined in parallel. 
The sum of their admittances is 
y. = y, -f y. = 0.41 4 - ;0.183. 
Changing the scale by a factor of i 
we obtain 1 y, 0.102 -f y0.046, 
and Za = i (8.2 - ;3.6) = 2.05 - 
/O.9. 



When known voluos oro outtido rangm oi chort. multiply by ony convonlont value 
that brlnge thorn within range, find o<|uivalont valuoe from c^ort. and multiply them 
by that some multiplier to get final answer. Volues of A and centers of circlet for 
corresponding G volues ore on horisontol reference oxls. Values oi X ond centers 
of circles for corresponding B volues ore on verticol reference oxis 

(4) Impedance Z, = 20 — yi 6 . tance values as in example 1 , and 

Multiply Z 4 by 1/10 to get values multiply them by 1/10 to get y* = 

within range of chart, find admit- 0.082 -f y0.024. 


Theoretical Signal-to-Noise Ratios 


Signal-to-noise ratios are derived in terms of the frequency bands of the signal and of the 
transmitted radio carriers. Resulting equations indicate merits of various combinations of 
modulation and multiplex with respect to noise. Frequency and amplitude modulation sys- 


C OMPARATIVE ANALYSIS shows the 
signal-to-noise ratios obtainable 
in multichannel amplitude modula¬ 
tion and frequency modulation trans¬ 
mission systems. This discussion ap- 


tems are compared 

By J. ERNEST SMITH 

plies particularly to ultra and super 
high-frequency radio relay circuits 
for point-to-point communication. 
Equations are derived which indicate, 
among other things, that, for equal 


transmitted powers and radio fre¬ 
quency bandwidths, double f-m sys- 
stems offer advantages over double 
a-m systems. 

Ultra and super high-frequency 
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radio relays are being planned for 
transmission of television, high qual¬ 
ity programs, multiplex telephony 
and telegraphy, facsimile, radiophoto, 
and business machine data. Design 
of such facilities requires knowledge 
of the modulation methods that pro¬ 
vide optimum signal-to-noise ratios 
in the individual channels of a multi¬ 
channel system. Knowing the signal- 
to-noise ratio of a channel, the de¬ 
signer of a system that is to transmit 
different types of intelligence can al¬ 
locate to each channel only as much 
of the total transmitted energy as is 
required for satisfactory reception 
of each type of intelligence. By thus 
weighting each channel, an optimum 
number of channels can be obtained 
for a fixed transmitted power and 
bandwidth. 

Types of Modulafion and Noisa 

Several types of transmission can 
be employed, all using either a-m or 
f-m. In a single modulation system 
the intelligence modulates the trans¬ 
mitted carrier. In a double modula¬ 
tion system the intelligence signal 
modulates a subcarrier which, in 
turn, modulates the transmitted car¬ 
rier. For single channel transmis¬ 
sion, only one intelligence signal is 
used. 

Two types of noise can affect 
radio transmission. Impulse noise, 
accurately represented by a unit im¬ 
pulse, can be considered, at the 
higher frequencies, as a finite band¬ 
width of components having equal 
amplitudes and the same phases. This 
interference produces transients in 
the receiver, but being of local-origin 
its effects can be reduced by shield¬ 
ing the noise source or relocating the 
receiver’s antenna. 

On the other hand fluctuation 
noise, due largely to shot effect, ther¬ 
mal agitation, and antenna pickup 
(site) noise, cannot be removed. 
Above 800 me shot noise predomin¬ 
ates to the extent that thermal and 
site noise can be neglected. Within 
the acceptance band of the receiver, 
fluctuation noise can be considered 
as a finite bandwidth of components 
having equal amplitudes but random 
phases. 

Define noise power density as 


the noise power per unit of band¬ 
width (watts per cycle). Noise power 
generated by the receiver is directly 
proportional to bandwidth. The 
equivalent fluctuation noise voltage 
N is proportional to the square root 
of bandwidth. This noise voltage, 
wherever it is generated, will be re¬ 
ferred to the antenna input termin¬ 
als. To include the bandwidth in 
which this noise exists, use the no¬ 
menclature Nf, where N is the peak 
value of the fluctuation noise in the 
frequency band /. 

Nolta Dafarinlnoflos 

The signal to noise ratio (C/A')*rf» 
where the notation is explained in 
Table I, can be obtained by mea.^iire- 
ment: Connect an r-f generator di¬ 
rectly to an a-m superheterodyne re¬ 
ceiver and amplitude modulate the 
r-f generator 100 percent with an 
audio tone. Because the tone fully 
modulates the carrier, the detected 
signal 5 is a precise audio measure¬ 
ment of the magnitude of the r-f car¬ 
rier. We have assumed the existence 
of a noise magnitude N^fr at the re¬ 
ceiver input terminals. This magni¬ 
tude will be different at the mixer 
due to the antenna coupling circuits. 
However, the modulated carrier will 
be modified also so that (C/N)^_fr re¬ 
mains unchanged. We assume that 
the mixer has a linear conversion 
characteristic. The intermediate fre¬ 
quency carrier-to-noise ratio will 
then equal the r-f carrier-to-noise 
ratio if /* = /r. This latter equality 
is not obtained in practice. In fact, 
receiver selectivity is almost entirely 
determined by /♦ and, in general, /♦ 
will be much less than A por¬ 
tion of the noise is thus rejected by 
the i-f band, consequently 

The intermediate frequency carrier- 
to-noise ratio as modified by the i-f 
pass-band is expressed as 

'■> 

Equation 1 gives the carrier-to- 
noise ratio that is applied to the re¬ 
ceiver detector. The function of the 
detector is to reproduce the original 


modulating tone by folding the lower 
sidebands upon the upper sidebands 
so that they add in phase to produce 
a resultant S equal in magnitude to 
C. The sidebands of noise are filled 
with components of equal amplitude 
and random phase. When the lower 
sideband is folded on the upper, the 
noise power in the band zero to ft 
from the detector is twice that of the 
upper sideband alone. Normally, the 
detector output contains a low-pass 
filter of cutoff frequency /. where /„ 
is much less than /<. Accordingly, 
this filter will reject all noise compon¬ 
ents greater than /. and the output 
noise power is reduced by the factor 
/.//<, therefore 


(S/N)fa 


Ur/faY^{C/N)vr 


or 

{C/N)2fr^{fa/frY'KS/N)fa 

Noiia Mcaturamaiit 

The ratio (S/N)fa is obtained di¬ 
rectly by measurement. With the 


C : peak amplitude of radio freciuency 
carrier 

C» : peak amplitude of subcarrier in 
double modulation system 
fm : transmission bandwidth of intelli¬ 
gence portion of system 
fd : peak frequency deviation of carrier 
or subcarrier from unmodulated 
frequency 

fo : transmission bandwidth of multi¬ 
plex system 

f, : frequency of subcarrier 
2fi : transmission bandwidth of inter¬ 
mediate frequency portion of sys¬ 
tem 

2/r: transmission bandwidth of radio 
frequen^ portion of system 
fi : lower limit of a given channel 
within a multiplex system 
ft : higher limit of a given channel 
within a multiplex system 
m : percent modulation in an ampli¬ 
tude modulation system 
/V : equivalent fluctuation noise volt¬ 
age: subscript refers to bandwidth 
over which particular noise voltage 
is developea 

n : number of channels in a multiplex 
system 

: voltage of detected intelligence 
signal 

deviation ratios of fi^uency modu¬ 
lation systems are indicated by ( )r./ 
to indicate deviation of radio carrier 
frequency, and by ( )../ to indicate 
deviation of the subcarrier frequency 


Tabu I—Nommielatuta us«d in 
•quottons 
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FIG. 1—How noiio at tho rocoWor input 
if moaturod in tho fioid 

switch of survey receiver shown in 
Fig. 1 in position N and no modula¬ 
tion of the r-f generator, the oscillo¬ 
scope will trace the fluctuation noise 
output of the receiver. With the 
switch in position S and 100 percent 
modulation of the r-f generator, the 
signal S will be shown on the oscillo¬ 
scope. The audio band-pass filter 
minimizes noise during the signal 
measurement so that the ratio of the 
vertical deflections obtained gives 
the desired signal-to-noise ratio in 
the band /«. The a-m receiver de¬ 
scribed can be used as a survey re¬ 
ceiver. Reliable C/N measurements 
are made at the receiving sites with 
transmitting and receiving antenna 
gains calibrated with respect to the 
actual radio circuit equipment. 
Noise factor of the survey receiver 
should be known relative to that of 
the proposed relay receiver. 

Threshold Rolotloas 

In the previous section we assumed 
that S/N (detected carrier-to-noise 
ratio) at the output of the a-m de¬ 
tector was linearly proportional to 
C/N at the input to the detector. It 
has been demonstrated experiment¬ 


ally that this relation holds as long 
as 

(C/N)tfi > 1 (2) 

We may define Eq. 2 as the thres¬ 
hold condition for an amplitude mod¬ 
ulated signal. Crosby has shown that 
the corresponding threshold condi¬ 
tion in frequency modulation requires 
that 

(C/N)tfi 5 2 (3) 

In a particular radio relay link the 
radiated power, distance of transmis¬ 
sion, and receiver i-f bandwidth must 
be correlated to satisfy the threshold 
relations and the desired S/N in a 
particular intelligence channel. The 
information needed to meet these re¬ 
quirements with a simple survey 
measurement is derived in succeeding 
sections. 

Slafle Modaiatba A-m 

In a single modulation a-m system 
the i-f band need be only 2/. wide to 
pass the modulated carrier. Actually, 
due to Q limitations of the circuits, 
it usually exceeds this value. 

Assume that, in the mixer or first 
detector stage of the receiver, the 
local heterodyne oscillations are of 
high amplitude compared with the 
incoming signal, i.e., the mixer does 
not affect C/N. 

At the input to the second detector 
one might say that three waves exist; 
namely, the carrier C, the noise N 
and the signal S. For 100 percent 
modulation, 5 equals C in magnitude. 
Thus, the output of the a-m detector 
has an S/N equal to C/N in the i-f 
band when /« = /.. When /, is greater 
than /„ we consider only C/N within 
the portion of the i-f band 2/. wide 
because all other noise components 
are rejected by the detector output 
circuit. 

We may then write for 100 percent 
modulation (S/N) = For 

less than 100 percent modulation, 
S/N is directly proportional to the 
modulation index. Thus 

(5/jV),.-m((7/Ar)„. (4) 

Dosble Medalaffoa A-m 

In a double modulation a-m system 
the intelligence signals amplitude 
modulate their respective sub¬ 


carriers. These subcarriers ampli¬ 
tude modulate the transmitted r-f 
carrier. The r-f and i-f bandwidths 
of the receiver must be at least 2/, 
wide, where /, = /. -f -f- . . . A, to 
pass the modulated carrier without 
distortion. Then C/N in the r-f band 
is 

(C/N)tfr-‘{fJfry'*(C/Nhf. ( 6 ) 

Similarly C/N in the i-f band be¬ 
comes 

{C/N),fi^{JJUY^{C/N)va (6) 

To determine the subcarrier-to- 
noise ratio after the group detector, 
we again consider the noise within 
the i-f band extending /, on either 
side of the central frequency, because 
all other noise components are re¬ 
jected by the low-pass filter following 
the detector. Thus 

{C/N)tju - iJJUy*KC/N),fi 

-(/.//a)»'*(CViV)v. (7) 

Writing C, for the peak amplitude 
of any subcarrier and temporarily 
assuming that the subcarrier modu¬ 
lates the radiated r-f carrier to 100 
percent, we obtain from Eq. 4 

(CVW/,- (C/ATW, (8) 

for the subcarrier-to-noise ratio in 
the bandwidth of the total group of 
intelligence signals /,. 

The arrangement assumed in Eq. 8 
would not permit transmission of in¬ 
telligence because an increase in the 
amplitude of the subcarrier due to 
modulation by the intelligence signal 
would cause the subcarrier to over¬ 
modulate the r-f carrier. Therefore, 
to allow an intelligence signal to mod¬ 
ulate its subcarrier 100 percent we 
must reduce C.. For n channels, C, 
equals C/2n to avoid over modulation 
during the intervals when all sub¬ 
carriers add in phase. Rewriting Eq. 
8 for n intelligence channels gives 

(C#/iV)/.-(l/2n)(C/iV),/, (9) 

In the group band each channel 
occupies a band 2/« wide. Because the 
noise is equally distributed over this 
band, the effect of filtering any chan¬ 
nel will be to reduce the noise in that 
band to 

( 10 ) 

Substituting Eq. 7 and 10 into 
Eq. 9 gives 
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It should be noted in this case that 
the noise in any filtered channel does 
not depend upon its position in the 
frequency spectrum but only upon 
the channel bandwidth and this band¬ 
width need never exceed 2/.. After 
final detection of this channel signal, 
the signal-to-noise ratio becomes, for 
100 percent modulation of the sub¬ 
carrier 

(S/N)u - (C\/Nh,j^ 

« (l/2n^l^(C/N)t/. ( 12 ) 

and for rn percent modulation of the 
subcarrier 

(S/ N)j. - (m/2n 42) (0/ AT),,. (13) 


1), the writer believes that the phase 
distortion will be negligible as long 
as the r-f and i-f bandwidths are not 
less than 2fu 4- 4/,. In narrow band 
f-m systems (/„//. < 1), these band- 
widths can be reduced to 2/^ -f 2/.. 

In the i-f band we have as before 

(C/ N)2fi = Ur/f.y '*(C/ N)tfr (14) 

which must satisfy the f-m threshold 
condition of Eq. 3. 

The signal is now impressed upon 
an f-m detector having a frequency 
fidelity band from zero to Assum¬ 
ing fulfillment of the threshold re¬ 
quirement, we are concerned only 
with C/N in a portion of the i-f band 
2/. wide. This ratio is 

{C/N),fa - Ur/faYHC/Nhfr 

To determine the signal-to-noise 
after detection, we use the relation 


noise power density is a parabolic 
function of frequency and the ratio 
of noise energy in the total band to 
that in the band /, — A is equal to the 
ratio of the area under the parabola 
to the shaded area of Fig. 2B. This 
ratio is obtained by integration 

Sin ^ 

The rms and, consequently, the peak 
voltage ratio is equal to the square 
root of the energy ratio. Therefore, 
the improvement factor due to filter¬ 
ing the frequency band /, — A is 
[/// (// — A‘) ]*. The subcarrier-to- 
noise ratio in this band then becomes 


For a double modulation system in 
which only one intelligence is trans¬ 
mitted n = 1. Inserting this value in 
Eq. 13 and comparing the result with 
Eq. 4, we note that the double a-m 
system has a worse S/N than the 
single a-m system by a factor of 2\/2 
or nine decibels. Six decibels of this 
loss is due to the energy required to 
transmit the subcarrier. The remain¬ 
ing three decibels are accounted for 
by the fact that the single a-m system 
has a noise acceptance band of 2/., 
whereas the double a-m system has 
two noise acceptance bands, each of 
bandwidth 2/, in the r-f spectrum 
and, consequently, the latter accepts 
V2 times more noise. If the sub¬ 
carrier and one sideband are sup¬ 
pressed as in some single sideband 
systems, the double a-m system is, 
in effect, converted to a single a-m 
system and the nine decibels are 
regained. 

Siagle MedslotleB 

Mathematical analysis of a fre¬ 
quency modulated carrier shows that 
an infinite number of sidebands are 
produced. Therefore, a finite receiver 
i-f bandwidth must introduce some 
distortion due to sideband clipping. 
This t 3 rpe of distortion appears as 
concomitant amplitude and phase 
modulation of the i-f carrier. The 
limiter erases the amplitude modula¬ 
tion. In a wideband system (A//« > 



where (A/A)r.r I® the deviation ratio 
of the r-f carrier at the highest 
modulating frequency. 


Double Medulotlou F-m 

In a double frequency modulation 
system the channel is identical with 
the single f-m system insofar as the 
first f-m detector action at the re¬ 
ceiver is concerned. However the 
frequency band from zero to f, is 
wide enough to contain several sub¬ 
carriers which are themselves fre¬ 
quency modulated by independent 
intelligence signals. 

To determine the ratio of any one 
subcarrier to the noise in the total 
band from zero to f, we rewrite Eq. 
16 substituting f, for A 

Any one subcarrier is frequency 
modulated within the channel band 
/• — /i. The noise in this band is less 
than that in the total band zero to f, 
so that the ratio C,/N in this band is 
improved by a bandwidth factor. 

To determine this factor, we recall 
that the noise out of the detector 
varies linearly with frequency as 
shown in Fig. 2A. Consequently, the 
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Basic signal-Unnoise equations derived 
in text for u bandwidth/„ 


Amplitude Modulation 


Single; (- "I (4j-) 
Double: ) /.« 


Frequency Modulation 


X 

»/d 


Comparing one system with another 
gives 

Double a-m 1 
Single a-m 2n^Y 

Single f-m ^ V 3 
Single a-in m \fa / r / 
Double f-m 

, - - ss 

Single a-m 

if 2 V/*/' / 

52HyiLt!!L= 2 ^ ^ ^ 

Double f-m ^ 1 

Single f-m " \ /• / 


The last ratio is for identical inter¬ 
mediate frequency bandwidths 


Tctbla 11—Comparison of Modula¬ 
tion Systems 


Equation 16 may be described as 
the threshold equation for the second 
f-m detector, i.e., the value of C,/N 
must be equal to or greater than two 
in order that the S/AT out of the 
second detector be a linear function 
of the subcarrier-to-noise ratio into 
the detector. 

In general, the bandwidth f, — /, 
is determined by the frequency devia¬ 
tion of the subcarrier and it may be 
considerably greater than 2/, where 
/« is the fidelity band of the second 
f-m detector. As in the single f-m 
modulation case, we need to know 
the ratio of subcarrier-to-noise in 
the band 2/.. 

Define the subcarrier frequency, 

as the arithmetic mean frequency 
in the band A - /„ or /. = i (A -f A). 
As before, the noise in the band 2A 
wide with A its center frequency 
will be less than the noise in the total 
band A — A. Observing Fig. 2C, it 
will be evident that the noise accepted 
in the band 2A wide will vary with 
the location of A. 

Starting with Eq. 15 and writing 
the improvement factor in the same 
manner as in the derivation of Eq. 16, 
the subcarrier-to-noise ratio in the 
band A either side of A referred to 
the total first detector band 


m 


' (/-. f /«) . (/« - /a) 


[( 7 ;)( 


f 3 
'</ 


- (A 




(17) 


the fraction within the square I’oot 
bracket of this equation can be sim¬ 
plified to 

Because /, must be at least 3A to 
reproduce the signal wave shape, we 
can neglect the term A73// com¬ 
pared with unity, and Eq, 17 further 
simplifies to 



Again using the standard Eq. 15 



Substituting Eq. 18 into this result 


(z). /(iv),/. 


Results of these derivations are 
summarized in Table II which shows 
signal-to-noise ratios that can be 
obtained in each of the systems 
analysed and the manner in which 
channel frequencies affect these 
ratios. 


Two-Terminal Oscillator 


Negative transconductance provided by a two-stage amplifier gives the phase reversal neces¬ 
sary for circuit oscillation. Only two points in the circuit are needed for connection of a 
simple tuned circuit to provide several oscillator arrangements 


T he phase reversal which ex- 
i.st8 between the input and 
output of a vacuum-tube amplifier 
operates as somewhat of an incon¬ 
venience in design of an oscillator 
circuit. The requirement of phase 
inversion which is required to pro¬ 
duce the proper feedback for oscilla- 
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tion has been met in various ways. 
The most common is the use of a 
coupled circuit between the plate and 
grid which furnishes the phase re¬ 
versal as well as the tuning elements. 

Another means of setting up oscil¬ 
lations is by means of a negative 
transconductance tube, or circuit. 


which does not give the usual phase 
reversal between the input and out¬ 
put. The dynatron, transitron, and 
multistage amplifier are examples' of 
this type. These circuits have the 
advantage that they may be con¬ 
nected as oscillators by merely con¬ 
necting a simple two-element tuned 
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FIG. 1—Basic circuit ol the oscillator. Tube 
Tj operates as a cathode follower to 
drive T, 


circuit between two points in the 
circuit. 

The circuit to be described* is the 
multistage amplifier type in which 
two stages are connected in cascade 
amplification to eliminate the phase 
reversal effected by a single stage. 
The method of coupling between 
stages has many advantages over the 
prior types. 

Basic Circuit 

Figure 1 shows the fundamental 
circuit. A twin triode is connected 
with one triode acting as a cathode 
follower driving the cathode of the 
second triode through coupling 
effected by the common cathode 
resi.stor R^. 

A positive voltage applied to the 
grid of T, causes more current to 
flow in the plate circuit of h and 
consequently more current through 
the common cathode resistor. The 
increased current through the cath¬ 
ode resistor raises the potential of 
the cathodes in the positive direction. 

An increased positive potential on 
the cathode of T: is equivalent to an 
increased negative potential on the 


FIG. 2—Characterietici ol tho plato current 
of T% and the grid Toltage of T^ 



grid of Tj. Thus a positive voltage 
a])plied to the grid of T, is converted, 
by the coupling system, to an equiv¬ 
alent negative potential on the grid 
of T... This phase reversal, together 
with the phase reversal eflected be¬ 
tween the grid and plate of T?, forms 
a complete 360-degree phase rota¬ 
tion, so that the input is in phase 
with the output. 

The transconductance between in¬ 
put and output is therefore negative, 
so that all that is required for oscil¬ 
lation is to place a tuned circuit in 
the output plate circuit and couple 
it back to the input grid circuit. 

Choracferiities 

Figure 2 shows the plate-current- 
gi id-voltage characteristics obtained 
between the grid of T, and the plate 
of T,. It will be noted that the slope 
of the transconductance is negative, 
and that both positive and negative 
saturation arc obtained in the nega¬ 
tive-grid region. In other words, the 
circuit operates as a class A limiter 
which does not draw grid current. 
For this type of operation, the grid 
of input triode T, is biased to point 
a on the characteristic. 

The operation of a class A limiter* 
is as follows: The negative half 
cycles of the input wave are limited 
by negative cutoff at the grid of T,. 
Positive half cycles on the grid of 
are converted to negative half cycles 
on the grid of T. by the phase inver¬ 
sion existing due to the cathode cou¬ 
pling. Hence, the positive half cycles 
are limited by negative cutoff on the 
grid of Tn, The result is negative 
cutoff limiting of both half cycles 
of the input wave. This is accom¬ 
plished without grid current as long 
as the input is made less than a peak 
voltage which draws current on the 
positive half cycles at the grid of T,. 
In the usual limiter arrangement, 
grid current is not drawn until the 
input is of the order of 60 volts rms. 

Valves of Components 

Figure 3 shows how the feedback 
connection is made to form the oscil¬ 
lator circuit. Capacitor Ci couples 
the output to the input and acts as 
a blocking capacitor to keep the 
plate voltage off the input grid. The 


value of Cl is chosen to provide a re¬ 
actance which is small in comparison 
to either R„ or the reactance of the 
input capacitance of T,. Resistor 
R., is H grid-return resistor (0.5 
megohm or less) and, for low fre- 
(luencies, may consist of the output 
potentiometer. Cathode resistor Rk 
may be varied to control the ampli¬ 
tude of o.scillation. Maximum output 
is u=jually obtained with an Ru of 
about 500 ohms with dual-triode re¬ 
ceiving tubes. 

The 6J6 miniature dual triode is 
pei haps the most ideally suited, espe¬ 
cially foi* the higher frequencies, but 
tubes of the 6SN7GT, 6SL7GT, 6N7 
and similar types may also be used. 
Freciuencies as high as 130 mega¬ 
cycles have been obtained with the 
6J6, but it is felt that frequencies 
much higher are po.ssible. 

Factors controlling the maximum 
oscillation fre(juency are the magni¬ 
tude of impedance inserted in the 
output plate circuit, and the degree 
of shunting effect of the cathode-to- 
ground capacitance on the cathode 
resistor. The cathode-to-ground ca¬ 
pacitance of the 6J6 is approximately 
seven micromicrofarads. When a 
500-ohm cathode resistor is used 
with the 6J6, the cathode-to-ground 
capacitance does not become appre¬ 
ciable until frequencies above 50 
megacycles are obtained. 

As an audio o.scillator, this circuit 
generates a waveform which has 
substantially less harmonic content 
than that obtained with conventional 
oscillator circuits. This is especially 
true for the higher values of common 
cathode resistor, Rk. Values of the 
order of 10.000 ohms may be used. 



FIG. 3—Capacitor Ci providos foedback to 
the grid of Ti and oUo blocks the plate 
▼oltoge 
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Figure 4B shows how fundamental 
frequency oscillation may take place 
in tuned circuit A, while harmonic 
output is obtained from tuned circuit 
B. The cathode-follower action of 
triode Ti is not affected by tuned cir¬ 
cuit B, because B is tuned to a 
harmonic. 

Figure 4C shows how a crystal 
may be inserted as the fundamental 
oscillating element of the circuit of 
Fig. 4B. Such an arrangement has 
obvious advantages in crystal oscil¬ 
lator operation where harmonics are 
usually desired. 

Figure 4D shows the original os¬ 
cillator circuit with an inductance L 
inserted in the common cathode cir¬ 
cuit to form a peaking coil to extend 
the frequency range limited by the 
cathode-to-ground capacitance of the 
common cathode circuits. 

Figure 4E shows r-f and a-f twin- 
triode oscillators arranged to provide 
either r-f output, a-f output, or mod¬ 
ulated r-f output. Modulation applied 
These higher values also result in have the exponential decay at the as shown in the circuit diagram is 
reduced output voltage. top of the square wave as is charac- quite linear up to the point where the 

teristic of the usual multivibrator overall gain is modulated below an 



FIG. 4 —firm circuit arranqcmcati ior the two^tubc oscillotor 


ApplicatioRt 


circuit. Hence, it may be used for a amount sufficient for oscillation, 
square waveform generator. Fre- This circuit was developed while 


The circuits of Fig. 4 are various quency control may be obtained by the author was in the employ of RCA 


arrangements taken from the au- varying resistor Ri and capacitor C,. Laboratories. 


thor’s U. S. Patent 2,269,417. Figure Locking voltage may be applied to 
4A is a multivibrator circuit in potentiometer i?, to hold the oscilla- 
which resistance and capacitance tions in step with an external oscil- 
take the place of the tuned circuit, lator. The percent mark or duty 
This multivibrator circuit has the cycle, of the square-wave pulse may 
advantage that its output waveform be controlled by feeding positive or 
is a true square wave, and does not negative voltage to potentiometer R. 
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Frequency Stability of Tuned Circuits 


Data on the performance of coils tuned by air-dielectric capacitors, during variations in air 
density and humidity such as are encountered when equipment is operated over a wide range 
of altitudes. The effect of varying carbon-dioxide content, encountered in dry-ice test 

chambers, is also discussed 


I N ORDER to retain standards of 
accuracy initially imposed upon 
radio and other electronic equip¬ 
ment employing circuits tuned by 
air-dielectric capacitance, the ef¬ 
fects of natural variations in the 
dielectric must be understood and 
taken into account. This is par¬ 
ticularly true where equipment is 
to be used at high altitudes and 
under adverse weather conditions. 

There are three characteristics of 
air as a dielectric which may af¬ 
fect the resonant frequency of a 
tuned circuit situated in this dielec¬ 
tric. (In this discussion, the effects 
of mechanical variation of com¬ 
ponents with varying conditions 
will not be considered.) They are: 

1. Density, The dielectric con¬ 
stant of air varies with pres.sure 
and, therefore, with altitude. The 
dielectric constant also varies with 
temperature, since this too affects 
the density of a gas. 

2. Composition. The relative hu¬ 
midity of air is constantly chang¬ 
ing and has a decided effect on the 
dielectric constant at higher tem¬ 
peratures (above 10 deg C). In 
tests where dry ice is used, the 
carbon-dioxide content of the sur¬ 
rounding medium also may rise to 
60 percent or 70 percent as com¬ 
pared with its normal value of 0.08 
percent. This will increase the di¬ 
electric constant. 

8. Saturation. Air almost satur¬ 
ated with water vapor will deposit 


By 6. V. ELT6R0TH 


thin films on objects situated in it. 
This should not be confused with 
condensation, which occurs when 
the air becomes supersaturated at 
the temperature of the body with 
which it is in contact. 

Each of these effects will be 
thoroughly discussed in the follow¬ 
ing sections. 

We shall first develop a few sim¬ 
ple required relations: 

C ^ He C ■■ Capacitance of capacitor 

dC “ Hde H » Constant determined by 
mechanical construction 

e “ Dielectric constant of di- 
C e electric medium 


Thus the percenrt change in C = 
percent change in e. 

f am ^ f ** resonant freauency of cir* 
(7 cult being investigated 


df 


Vc c 


i * c 


A 


_ l_ 

2r ^JL 


Thus the percent change in / = i 
the percent change in C, and is 
negative, signifying that an in¬ 
crease in C decreases /. 

The dielectric constant of dry air 
for pressures below 1000 lb per sq 
in. is given by c =: 1 — 18.25 P X 



FIO. 1—Change In irequaney and dielectric oonetoni with temperature, using 
various values of relative huinldlt|r oe a pcuranneter. The olr reference Is air 
at 20 deg C and $0 percent relative humldltr (e » 1.000SeS05) 
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292 

10’* X —, where P is expressed m 
in. Hg and t in deg. K. 


^ - 18.26 X 10-* X ” ' 

AMuming t 202*K (19”C) ! 
we have | 

- 9-125 X 10-‘ 


for constant 
relative hum- 
idity and 
temperature. 


The frequency will drop 9.125 
cps per Me per in. Hg pressure in¬ 
crease. Reducing the pressure from 
30 in. to 10 in. Hg (equivalent to 
an altitude of 27,500 ft) will in¬ 
crease the frequency 20 X 9.125 or 
182.5 cps per Me, which is 0.01826 
percent. 

Let P ^ 20 in. Hg, and let the 
temperature vary over a narrow 
range about 292 deg K. 
e « 1 - 547.5 X 10^ X 292/f 
6 $ _ 547.5 X 10^ X 292 

it" ^ f* 

^ « — 1.876 X KT*, for constant relative 

^ humidity and pressure. 


From this it is evident that the 
frequency will increase 0,9375 cps 
per Me per deg C rise in air temper¬ 
ature for dry air. This is negligible 
in comparison with other changes 
normally encountered. 

(a) Humidity, If the relative 
humidity is held constant at various 
values, and the temperature of air 
varied, it will be found that the 
curve e vs. temperature will vary in 
form. 


Saif 

Sirapor 


1 -h 209.66 ~ X l(r«l 

p [ 

1 -f- 966.83 ^ X 10-‘J 


P is here 
expressed 
in mm Hg^ 
i in deg K 


From these equations was de¬ 
rived the equation e = 1 -f [209.66 
X 760/t -f 757.174 V,P,/t] x lO *. 
Setting the portion in brackets 
equivalent to V gives c — 1 -f F x 
lO *. This relation was used in cal¬ 
culating the values of V in Table I 
for different values of tempera¬ 
ture and relative humidity. The 
right-hand column labelled AV con¬ 
tains values of the total change in 
V in going from 0 to 100 percent 
relative humidity. Values of vapor 
pressure V,P, in mm of Hg corre¬ 
sponding to the indicated values of 
temperature and relative humidity 
are found in meteorological tables. 

Allowance for water-film deposit 
on electrodes is not included. Such 
deposits will add to the shift in ca¬ 
pacitance. 

A curve interpreting the data in 
Table 1 in terms of change in di¬ 
electric constant in parts per mil¬ 
lion, and resonant frequency shift 
in cycles per megacycle, is shown 
in Fig. 1. 

(b.) Carbon dioxide content. 
When cold tests are run with dry 
ice as the cooling agent, the air in 
the cooling chamber will have its 
carbon-dioxide content materially 
increased. The dielectric constant 
for carbon dioxide differs mate¬ 
rially from that of air, the values 
at 19 deg C and 762 mm mercury 
pressure being 1.0005475 for air 
and 1.000921 for carbon dioxide. 

Table II gives the variations in 
e and / with varying carbon diox¬ 


ide content, for a constant tempera¬ 
ture of 19 deg C and a pressure P 
of 30 in. (762 mm) of Hg. 

From this table it is seen that 
the presence of COa in the air di¬ 
electric of capacitors may produce 
frequency shifts up to 0,0186 per¬ 
cent, a very appreciable amount in 
a transmitter being designed for 
an accuracy of 0.03 to 0.05 percent. 
The figures apply to dry air, at 19 
deg (292 deg K) C and 762 mm Hg. 
Values of and A/ may be readily 
obtained for any other tempera¬ 
ture or pressure by multiplying 
by the factor 292P/762^, where P 
is in mm Hg and t is in deg K. 

A graph of the data in Table II 
is shown in Fig. 2. It is important 
to note that with 60 percent carbon 
dioxide content, the frequency shift 
is over 0.01 percent. At —40 deg C, 
when the carbon dioxide content is 
only 50 percent, the frequency will 
be 0.0117 percent lower than with 
air. 


SafMratien 

Recent experimental work has 
shown that moisture films form on 
objects situated in moist air even 
though conditions may be such that 
no condensation takes place. We 
shall derive the effect of water-film 
formation on a capacitor formed 
by two or more parallel plane sur¬ 
faces. 

The capacitance of such a ca¬ 
pacitor may be expressed as C = 
He/S, where is a constant de- 


TABLE I—VALUES OF V FOR AIR AT VARIOUS HUMIDITY AND TEMPERATURE VALUES 

(Dielectric constant e 1 -f- V : : 10 ”) 


Temp. 

“C 

ov. 

10% 

J0% 

30% 

Rcl.tivc Humidity 

40% 50% 60% 

10% 

80% 

90% 

lOO^r 

dv 

-40 

682 

682 "" 

682 

682 

682 

682 

682 

682 

682 

682 

682 

0 

-30 

655 

655.08 

655.16 

655.24 

655.32 

655.4 

655.48 

655.56 

655.64 

655.72 

655.8 

0.8 

-JO 

629 

629.232 

629.464 

629.696 

629.928 

630.16 

630.392 

630.624 

630.856 

631.088 

631.32 

2.32 

-10 

605 

605.56 

606.12 

606.68 

607.24 

607.81 

608.37 

608.93 

609.49 

610.05 

610.61 

5.61 

0 

583 

584.27 

585.54 

586.81 

588.08 

589.35 

590.62 

591.89 

593.16 

594.43 

595.7 

12.7 

+10 

562 

564.46 

566.92 

569.38 

571.84 

574.3 

576.76 

579.22 

581.68 

584.14 

586.6 

24.6 

+J0 

543 

547.53 

552.06 

556.59 

561.12 

565.65 

570.18 

574.71 

579.24 

583.77 

588.3 

45.3 

+30 

525 

532.95 

540.9 

548.85 

556.8 

564.75 

572.7 

580.65 

588.6 

596.55 

604.5 

79.5 

+40 

508 

521.4 

534.8 

548.2 

561.6 

575 

588.4 

601.8 

615.2 

628.6 

642 

134 

+50 

493 

514.7 

536.4 

558.1 

579.8 

601.5 

623.2 

644.9 

666.6 

688.3 

710 

217 

+60 

478 

512 

546 

580 

614 

648 

682 

716 

750 

784 

818 

340 

+70 

464 

515.5 

567.0 

618.5 

670 

721.5 

773 

824.5 

876 

927.5 

979 

515 
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FIG* 2—^Variation of dielectric conitant and frequency with rolume percentage 
of COa in oir. Here P ii 762 mm Hg ond t U 292 deg K (19 deg C) 


pending on size of plates and sys¬ 
tem of units employed, e is the 
dielectric constant of the medium, 
and 5 is plate spacing. 

Let the dielectric constant for the 
normal dielectric be €i, and let that 
for the material in the film formed 
on the plates be eg. Also, call C„ 
the normal capacitance, C' the ca¬ 
pacitance with film on plates, and y 
the film thickness. Now, with plane 
plates and a uniform film thickness, 
the film-air interface will corre¬ 
spond to an equipotential surface, 
and 


I _ 2 egS {ei - ez) __ 

5i/ Co \2y (ci — e-z) -|- 

We are interested in the action 
of thin films of foreign dielectric 
and will therefore confine our cal¬ 
culations to the region where y is 
less than or equal to 0.01 S, This 
permits the use of the following 
simplified equation 

Sy Co -S L 

On the basis of this assumption, 
the fractional change in capaci¬ 
tance is 

fi - 

Co 5 L J 


Now, for a practical application 
of this expression, assume a spac¬ 
ing between plates of S — 0.05 cm 
(0.020 in.) and a downward fre¬ 
quency shift A/ of —100 cps per Me, 
which corresponds to 200 X lO’* 
for AC'. The normal dielectric is 
air (Ci — 1) and the foreign dielec¬ 
tric is water (eg =■■ 81). Let us find 
the required film thickness for the 
given frequency shift. 

Solving the foregoing equation 
for y, substituting in it the known 
values, and simplifying gives a 
value of 5.06 x 10 ” cm for the film 
thickness y. 

Thus, a film thickness of 5.06 X 
10 “ cm or 0.00001285 in. produces 
a frequency shift downward of 
0.01 percent. This is a film approxi¬ 
mately 120 molecules in depth, and 
is quite undetectable by ordinary 
methods since its thickness is only 
about one-tenth the wavelength of 
green light. It is obvious at once 
that the formation of actual visible 
vondensation on the plates of a tun¬ 
ing capacitor will result in shifts 
very many times this in magnitude, 
and should be strenuously avoided. 

For a given film thickness, the 
frequency shift is inversely pro¬ 
portional to the spacing of the 
plate.s. 

Experiments have shown that on 
a clean polished metal surface, 
films up to 30 or 40 molecules thick 
may be formed at 98 percent rela¬ 
tive humidity with a temperature 
around 30 deg C. On a good dielec- 


These relations are set up by assum¬ 
ing a metal surface of infinitesimal 
thickness, at the equipotential sur¬ 
face of the water-air interface, and 
then calculating the effective ca¬ 
pacitance on each side thereof. 

The two capacitances are effec¬ 
tively connected in series, so we 
may obtain C' from the series ca¬ 
pacitance relationship: 

Cl -h 

He,en 

'• •• ^ “ 2 , («, - *,) + etS 
The fractional change in capaci¬ 
tance will then be 

C - C, _ _j 

C» ” 2v («i — «,) + *yS 

and 


TABLE n— VARIATIONS IN e and f WITH 
VARYING CARBON-DIOXIDE CONTENT 


%CO, 

by Vol. e Ae (mult, by 10~*) Af in pur Me 


0 

1.0005475 

0 

0 

10 

1.00058485 

37.35 

-18.68 

20 

1.0006882 

74.7 

-37.35 

30 

1.00065955 

118.05 

-56.03 

40 

1.0006969 

149.4 

-74.7 

50 

1.00073485 

186.75 

-93.38 

60 

1.0007716 

884.1 

-118.05 

70 

1.00080895 

861.45 

-130.73 

80 

1.0008463 

898.8 

-149.4 

90 

1.00088365 

336.15 

-168.08 

100 

1.000981 

373.5 

-186.85 
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trie material, the films formed un¬ 
der the same conditions were up to 
180 molecules in depth. Since oils 
and greases are dielectrics, capaci¬ 
tor plates should be kept scrupu¬ 
lously free of them. 

Colli oRd WlrlR« 

Impregnation of insulated wires 
with wax prevents moisture ab¬ 
sorption by the insulation cover¬ 
ing Uhereby decreasing the effec¬ 
tive moisture film thickness) and 
moves the wax-air interface out 
from the conductor, thus situating 
the inevitable moisture film in a 
region of lesser electric intensity 
where it has less effect on the ca¬ 
pacitance of the circuit. 

Frequency shift with humidity 
would seem to be due to surface 
changes, in view of the relatively 
short time required for recovery of 
normal characteristics. This indi¬ 
cates the necessity for keeping the 
wax-air interfaces out of any region 
of strong electric field intensity. 
The foregoing statement applies 
particularly to coils, which should 
be covered with a sufficient thick¬ 
ness of wax to keep the interface 
out of any region of strong electric 
intensity caused by potentials ex¬ 
isting between adjacent turns. It is 
evident that the greater the spac¬ 
ing of turns, the smaller will be the 
ratio between coil distributed ca¬ 
pacitance and total tuning capaci¬ 
tance, and therefore the less im¬ 
portant will be the removal of the 


wax-air interface. In addition, in¬ 
creased spacing will diminish the 
electric field between adjacent con¬ 
ductors thereby decreasing the ef¬ 
fect of moisture film deposits. 

The films build up to depths of 
25 molecules on dielectrics at 40 
deg C and a relative humidity of 
85 percent. A coil wound with flat 
wire spaced 0.005 in. and with no 
protective covering other than 
enamel on the wire would have its 
distributed capacitance increased 
0.01 percent under these conditions. 

In view of the fact that moisture 
films have such large effects when 
compared with their dimensions, it 
is interesting to note here that if by 
some means the interior of a device 
being tested were maintained 5 deg 
C above the external temperature, 
then the interior relative humidity 
could not exceed 80 percent even 
though the external temperature 
might range up to 60 deg C at 100 
percent relative humidity. 

CoRClRtiORf 

Listed below are the effects on 
resonant frequency of each of the 
variables which are due to dielec¬ 
tric changes only. 

1. Pressure. For air at 19 deg 
C the coefficient is —9.125 cps 
per Me per in. Hg, or 0.01825 per¬ 
cent change in frequency for al¬ 
titude change from sea level to 27,- 
600 feet. 

2. Temperature. For air at 19 
deg C, 30 in. Hg., the coefficient is 


+0.9375 cps per Me per deg C. 
(This is negligible and need not be 
considered in design.) 

8. Relative Humidity. We give 
below the total frequency shift in 
cps per Me, as air at the specified 
temperature and 760 mm Hg pres¬ 
sure is varied from 0 to 100 per¬ 
cent relative humidity. 


(IcK O. cps/Mc 

-40 . —0 

-30 .—0.4 

-20 .-i.ie 

-10 . - 2.8 

0 .-6.85 

+10 .— 12.8 

+20 .-22.60 

+30 .-80.70 

+40 .-67.00 

+50 .—108.0 

+60 .-170.00 

+70 .-207.0 


4. Carbon Dioxide. Mixed with 
air at 19 deg C and 30 in. Hg pres¬ 
sure, the coefficient is —1.868 cps 
per Me per percent of carbon diox¬ 
ide. Also 53.5 percent of carbon 
dioxide is required to shift the fre¬ 
quency downward 0.01 percent. 
This effect becomes greater at lower 
temperatures. 

6. Moisture Film Deposits. De¬ 
posits at 98 percent relative humid¬ 
ity and 30 deg C on perfectly clean 
capacitor plates (0.020 in. spacing) 
are sufficient to lower the frequency 
0.0025 percent. The presence of 
oil or grease films may increase 
this to 0.015 percent. 

6. Wherever wax is used for seal¬ 
ing against moisture, wax-air in¬ 
terfaces must be kept out of strong 
electric fields. 


R-F Inductance Meter 

Two r-f oscillators, one with unknown L in series and the other with standard C in par> 
allel, are tuned ^o zero heat. Value of unknown inductance at selected test frequency is 
then read directly on scale of capacitor with accuracy within 1 percent for 1 f^h to 100 mh 


By HAROLD A. WHEELER 


T his direct-reading r-f induc¬ 
tance meter is designed for 
quickly and accurately measuring 
inductance of a radio coil. Errors in 


readings are within about one per¬ 
cent of the observed value for the 
rated range of inductance, which is 
unusually close when applied to one- 


tenth of full scale. This tolerance of 
error is based on the usual types of 
radio coils with fairly small inher¬ 
ent capacitance and at least a mod- 
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erately high ratio of reactance to 
resistance. 

The measurement of small capaci¬ 
tance is a valuable byproduct use 
of the instrument. It is (Mrect-read- 
iiig in terms of the difference of two 
scale readings, and its errors are 
only those of the precision capacitor 
included in the inductance meter. 
This measurement is made at radio 
frequencies whose values are chosen 
for convenience and reliability. 

The block diagram in Fig. 1 
shows the arrangement of the in¬ 
ductance meter. Two similar oscil¬ 
lators are tuned to the same fre¬ 
quency by observing a zero-beat in¬ 
dicator. Each oscillator contains a 
resonant circuit with fixed induc¬ 
tance L„ and fixed capacitance Co. 
One oscillator also has a calibrated 
variable capacitor C connected in 
parallel. The other has provisions 
for connecting unknown inductance 
L in series. 

With the standard capacitor C 
at its reference value (taken as 
zero) and the unknown inductor 
L on short-circuit, the two oscilla¬ 
tors are tuned to resonance by a fine 
adjustment. Then the unknown L 
is inserted and the standard C is 
increased to restore zero-beat. The 
latter condition satisfies the equa¬ 
tion of resonance of the two oscil¬ 
lators: (L -f L..)C., = (C 4- CJLo. 
From this the calibration formula is 
derived, giving L — CU,/Cq, The 
factor Lo/C„ is adjusted to be a deci¬ 
mal multiplier, and the scale of C 
is direct-reading in micromi¬ 
crofarads, so the value of the un¬ 
known L is obtained merely by 
shifting the decimal point. 

The circuit of the r-f oscillator 
and buffer amplifier is given in Fig. 
2. The two oscillators and ampli¬ 
fiers are alike except for the differ¬ 
ences in the tuned circuit, one in¬ 
cluding the standard capacitance C 
and the other the unknown induc¬ 
tance L. The standard inductors 
Lo are the pair of plug-in coils, one 
for each oscillator, whose values are 
equal to the maximum inductance 
of each range. Each oscillator has a 
regulator circuit which limits the 
amplitude of oscillation to a suitable 
value for the buffer amplifier. 

The beat-note circuit is given in 


Fig. 3. Direct-current coupling of 
the amplifier to the rectifier-meter 
combination provides response 
down to very low frequencies. The 
full-wave rectifier causes the meter 
pointer to vibrate at double the 
beat frequency. 

The response curves of the meter 
are shown in Fig. 4. The curve of 
Fig. 4A shows the wide peak ob¬ 


tained while tuning one oscillator 
past the frequency of the other, 
and the curve of Fig. 4B is an en¬ 
largement of the valley near zero 
beat. 

The zero-beat indicator gives es¬ 
sentially a wide peak having a nar¬ 
row valley in the center. The width 
of the peak is =^6,000 cycles from 
the center, so it cannot be passed in 



FIG. 1—^Block dlogrom oi direct-reading radio-frequency Inductance meter 


OSCILLATOR 


AMPLIFIER 



INDUCTANCE 

0-10 

0-100 >4H 
0-1 MH 
0-10 MH 
O-IOOMH 


TEST FREQUENCY 
1,600'1,100 KC 
500-950KC 
160-1 I 0 RC 
50-66 KC 
I 6 - M KC 


FIG. 2—Circuit lor one ol the oedUotori with lU buller amplilier. Both ore Identical 
except for the tank drcuite; one hoe the etondord copocitonce in porollel. ond the 
other hoe the unknown inductonce In eerlee oe ehown at left 
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FIG. 4—RMponi# oi x*ro*beat indicator it 
■hown at A. and onlarged ^iow of valley 
near lero beat oppeari at B 


quick tuning. The width of the val¬ 
ley is ztlOO cycles, the pointer vi¬ 
brations are within zfclO cycles, and 
the dead spot in the center is within 
ztl cycle. The wide peak is used to 
find the narrow valley, after which 
the dead spot gives a reliable indi¬ 
cation of zero beat. 

This indicator has been found 
well adapted for use by nontechnical 
personnel. It cannot be overloaded 
in normal use. Being visual, it 
neither causes nor suffers from 
noise in the laboratory or factory. 

Test PrequeRclet 

The choice of test frequencies 
which are best adapted for the usual 
radio coils in the respective decades 
of the inductance range is a compro¬ 
mise which fortunately is not too 
critical. The final selection is in¬ 
fluenced also by the stability of Co 
and 2 a) and by convenience in the 
use of the decimal values. 

The basic value of the inductance 
of a simple coil in open space is de¬ 
termined by the magnetic energy in 
the vicinity of the coil but outside 
the cross-section of the conductor 
itself. If a shield can is used, this 
space is confined to the inside of the 
shield. The inductance would have 
this basic value if tite coil and shield 
were made of perfect conductors, 
and its actual value is not much dif¬ 
ferent at the higher radio frequen¬ 
cies. 

The resistance of the wire and the 
shield causes an increase in the ac¬ 
tual or apparent inductance of the 
coil, in proportion to the magnetic 
energy which is allowed to pene¬ 
trate inside of either conductor and 
outside of the shield to the sur¬ 


rounding space. The internal capac¬ 
itance increases only the apparent 
inductance, by virtue of the ap¬ 
proach to self-resonance. 

The magnetic energy in the wire 
increases the inductance by a con¬ 
stant amount at low frequencies, 
and by a decreasing amount at 
higher frequencies. The transition 
occurs at the frequency where the 
akin depth is one-fourth the wire 
diameter if the wires are well sepa- 




riQ« S—-EmobpIm of mall volvoo of 
capodtaaeo and indvelOBot. showa oehial 
slio horo, Ihol eon bo aoorarod with tho 
f4 tadootOBCO BWtor 


rated, and at a slightly lower fre¬ 
quency if they are close together. 
In the case of fine wire, such as in 
stranded (Litz) conductors or in 
multilayer coils, this effect is con¬ 
stant at all frequencies up to the 
operating frequencies, so it causes 
no error in inductance measure¬ 
ments at lower frequencies. In a 
coarse wire, such as the conductors 
of a transmission line, this effect 
varies slowly with frequency as gov¬ 
erned by the skin effect, so a meas¬ 
urement at a lower frequency is 
subject to a slight error relative to 
the operating frequency. 

A perfect shield decreases the in¬ 
ductance by a substantial amount, 
while the imperfection of the shield 
conductor causes a relative increase. 
As the frequency is lowered, the in¬ 
ductance increases gradually as gov¬ 
erned by the skin effect in the 
shield, then rapidly as the conduc¬ 
tive shielding fails, and finally ap¬ 
proaches the value of the inductance 
without the shield. 

The internal capacitance causes 
the apparent inductance to increase 
rapidly as the frequency approaches 
self-resonance in the coil. This is 
the factor which makes impossible 
the direct measurement of induc¬ 
tance by a single observation at the 
operating frequency. 

The best frequency for a direct 
measurement of inductance, with 
least error from all causes com¬ 
bined, should be much lower than 
the frequency of self-resonance but 
much higher than the frequency of 
shield failure. Fortunately these 
two frequencies are usually far 
apart. Three decades is a typical 
separation in the case of small coils 
in shield cans, operating around 
1 me. 

The internal capacitance is the 
most typical characteristic for small 
radio coils, since it is determined 
mainly by the size, the leads, and 
the terminals. The typical range of 
internal capacitance is within 10 
fxfd, so the inductance meter is 
standardized for about 5 /i/xf with 
a tolerance of fifd to maintain 
the rated limits of error. 

Since there are many causes of 
error and it is desired to hold the 
total error within one percent, the 
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test frequencies are chosen low 
enough so that =t:5 fifxf causes less 
than HtO.25 percent error. In other 
words, the unknown inductance 
would resonate at the test frequency 
with more than 2,000 fxfxi capaci¬ 
tance, so the test frequency is about 
1/20 the frequency of self-reso¬ 
nance, or lower. 

The 5,000-division continuous lin¬ 
ear scale is available only in the 
precision capacitor, as distin¬ 
guished from the inductor and the 
resistor. Therefore the capacitor is 
the ideal variable standard in any 
system of measurement, and espe¬ 
cially in a direct-reading system. 
The inductance meter is a simple 
way of utilizing the capacitor to 
read directly in proportion to the 
unknown inductance. 

By making the test at the highest 
frequency permissible for each dec¬ 
ade of the inductance range, it is 
possible to take full advantage of 
the long scale of 5,000 divisions for 


1,000 /x/xf, by reading to about i di¬ 
vision or 0.1 /bt/if. 

In the first three decades (up to 
1 mh), the test frequency is above 
100 kc so it is possible to take ad¬ 
vantage of the low range of the pre¬ 
cision capacitor, having 50 divisions 
per /x/xf, or the equivalent of 50,000 
divisions for full scale. This refine¬ 
ment is available only for a range of 
4,000 divisions. Therefore it is use¬ 
ful for absolute measurements only 
to 8 percent of full scale. 

By the addition of fixed capaci¬ 
tors in parallel, this expanded scale 
becomes available for differential 
tests of coils nearly alike. By this 
method, any inductors within the 
range of 1 /xh to 1 mh can be com¬ 
pared to within 1/5,000 of their 
values, or 0.02 percent. Any larger 
inductors up to 100 mh can be com¬ 
pared on the standard scale within 
1/600 of their values, or 0.2 per¬ 
cent. 

Examples of the absolute sensi¬ 


tivity of this instrument, which is 
attained by the long scale and the 
beatnote comparison at radio fre¬ 
quencies, are given in Fig. 5. These 
diagrams are shown actual size. 

The capacitance C is a small an¬ 
tenna inserted in the capacitance 
terminal. Its value is 1 /x/xf, which 
is 5 divisions on the regular scale or 
50 divisions on the expanded scale. 

The inductance L is a small loop 
of heavy wire connected to the in¬ 
ductance terminals. As compared 
with a short-circuit (a large flat 
disc at the dotted line) the induc¬ 
tance is 0.02 /xh. corresponding to 
10 divisions on the regular scale or 
100 divisions on the expanded scale. 

By indicating inductance values 
on the expanded scale of a precision 
capacitor and using r-f oscillators 
with a zero-beat indicator, an in¬ 
ductance meter is obtained which 
has an unusual degree of absolute 
and differential stability as well as 
high accuracy. 


Temperature Coefficients in Electronic 


Circuits 


Factors influencing frequency-temperature stability of tuned circuits are analyzed to 
determine design criteria for circuit elements. Application of these criteria permitted 
development of an airborne transmitter having negligible frequency drift 


O P the few studies of the effects 
of temperature coefficients on 
electronic circuits which have been 
published during recent years, some 
have presented views which conflict 
with respect to theoretical princi¬ 
ples, or which are in disagreement 
with experimental results.^ These 
disagreements are due chiefly to the 
disregard of theoretical factors 
whose importance has been recog¬ 
nized only recently. 

Of major interest in governing 
the resonant frequency of an R-L-C 
circuit are (1' inductive temper¬ 
ature coefficients of coils, leads and 


By CHESTER I. SOUCY 

wiring; (2) capacitive temperature 
coefficients of fixed and variable ca- 
pac i tors, i n t er-elec trode capac i - 
tances in tubes, and capacitances 
between terminals, switch contacts 
and wiring; and (3) resistive tem¬ 
perature coefficients of resistors. 
Resistive coefficients are of im¬ 
portance because changes in circuit 
resistances affect tube operating 
voltages and can thus produce fre¬ 
quency changes. 

P«ra*iisf«r ond Frequency CoeMcients 

If f represents the frequency, 
and L and C the inductance and ca¬ 


pacitance, respectively, of an L-C 
circuit, then it can be shown that 


PJquation 1 is valid for frequency, 
inductance and capacitance changes, 
all occurring over the same range 
of temperatures. 

From Eq. 1, it follows that 



where a is the capacitive temper¬ 
ature coefficient, equal to'|dC/Cl 
and h is the inductive temperature 
coefficient, equal to ldL/L|. 
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Where inductance and capaci¬ 
tance in the tuned circuit both 
change as a result of thermal vari¬ 
ations, the frequency temperature 
coefficient is 


1-^ > 

^ + 

dL 

1 / 

2C 

1 ’2Zi 


Frequency Drift Compentotion 

Design of coils and capacitors 
with low temperature coefficients 
for use in fixed-frequency circuits, 
or the compensation of these ele¬ 
ments is relatively simple. But for 
variable-frequency circuits the de¬ 
sign problem is complicated by the 
fact that inductive temperature co¬ 
efficients of coils vary with fre¬ 
quency and corresponding coeffi¬ 
cients of variable tuning capacitors 
change with rotor position. Few 
discussions of drift compensation 
have pointed out the fact that in 
a variable-frequency circuit using 
a fixed inductor, the inductive tem¬ 
perature coefficient must be com¬ 
pensated by an inductive compo¬ 


nent over the frequency range of 
tuning.' If a capacitor should be 
used for compensation, its capaci¬ 
tance change Ca woulu have to 
vary according to the inverse 
square of the frequency, an im¬ 
possible requirement for a single 
compensator. Thus, despite the 
fact that the use of a single com¬ 
pensating capacitor would permit 
simpler and more economical de¬ 
sign, the most satisfactory solution 
to the problem of reducing fre¬ 
quency drift in variable-frequency 
L-C circuits is to design fixed in¬ 
ductors with an inductive temper¬ 
ature coefficient as near as possible 
to zero. On the other hand, with 
variable inductance tuning and va¬ 
riable permeability tuning.® the use 
of capacitors for compensation 
proves more satisfactory. 

Inductive Coetticcnf Components 

it is important to realize the er¬ 
ror in the common conception that 
the inductive temperature coeffi¬ 


Toble I—Temperature Coefficients of Dielectrics 


Material 

Temperature Coefficient 
(Purls per Million per 
Degree C) 

Permittivity 
(Dielectric 
(Constant) 


Permit livity 

Rxpansitm 

1 

Polyvinyl Chloride (Geon No. 2016). . 

7,140“ 

30 

3.5 

Phenolic, molded** (BM-120 Bakelile) 

3,940 

30 to 40 

4.2 

Glass, white Hint®. 

2,000 


7.5 

Phenolic, laminated... ... 

to 

1,290* 

17 to 30 

5.5 

Glass, Pyrex*. . 

600 

3.2 

4.5 

Ebonite® (hard rubber). 

Cordierite”, ceramic (Alsimag No. 

.500 

70 \o 80 

3.0 

202). 

500 

1.6 

5.0 

Porcelain*. 

Phenolic, mica-filled aniline formalde¬ 

500 

j 

3 5 

5.4 

hyde (Hesinox No. 7013). 

400' 


4.3 

Steatite*. 

150 

8.0 

6.5 

Mica*. 

20 to 100 

3.0 

7.0 

Fused silica**. 

50 

0.5 

3.85 

Mvealex**./ . 

Polystyrene** (Viclron white) 


10 to 11 

7.5 to9.2 

-35 

70 

2,4to2.9 

Titanium Dioxide** •**. 

— 1,800 (max) 

6 to 10 

90 to 170 

Paraffin wax**. 

-1,930' 

130 

2.5 

Water"'*... 

-3,600* 

195 

80 


Notes: "Data from mfn. Varies widely with temperature and frequency. 
This figure valid for 15-70 C, 60 cps. 

^Figure obtained from tests on banoswitches. 

'Approximate only. 

^Data from mfn. 

'Approximate data. Varies with temperature and becomes positive 
above 10^® cps. This fi^re valid at 25 C, up to 100 me. 
Niunerloal superscripts refer to references ciM m text. 


cient depends solely or even princi¬ 
pally upon the thermal coefficients 
of linear expansion of the conductor 
and coil form. In addition to the 
factor of linear expansion, Grosz- 
kowski showed in 1937®, that the 
inductive temperature coefficient is 
influenced by eddy current or “in¬ 
ternal inductance” effects, as well 
as by skin effect in the conductor 
and self capacitance as noted by 
previous investigators. 

Bloch* investigated the relative 
magnitude of the different com¬ 
ponents. Measurements on a small 
coil of 68 turns of No. 28 copper 
wire indicated an inductive tem¬ 
perature coefficient of (20 db 1) 
X 10‘* per degree C. Conductor skin 
effects and Groszkowski’s eddy-cur¬ 
rent effects were grouped together 
as the internal inductance compo¬ 
nent, since both effects depend upon 
penetration of the turns of the con¬ 
ductor by the magnetic field and 
upon the coefficient of resistivity of 
the conductor which affects such 
penetration. The calculated values 
of the components of inductive tern 
perature coefficient were: compo¬ 
nent due to linear expansion of coil, 
8 X 10** per degree C; internal-in¬ 
ductance component, 13 x 10'* per 
degree C; and self-capacitance com¬ 
ponent, 1 x 10" or 2 X 10 * per 
degree C. 

Figure 1 shows the variation in 
inductive temperature coefficient 
with number of turns for two coils 
having small self capacitance, each 
wound on a skeleton glass-bonded 
mica form with small axial expan¬ 
sion coefficient (8.8 X 10‘* per de¬ 
gree C).* The discrepancy between 
calculated and measured values is 
accounted for by the internal induc¬ 
tance component. Note that the tem¬ 
perature coefficient varies almost 
linearly with the number of turns. 
This fact is significant for the case 
of variable-inductance tuning, and 
for tapped and variometer coils. 

S#if Cepeeifosc# of Coifs 

In some coils, the conductors are 
embedded in grooves or in slots in 
the supporting insulation, or the 
conductors may be fired or depos¬ 
ited electrolytically on ceramic or 
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FIG, 1—InductiT* temperature coefficient 
at a function of number of turns for two 
coils haring small self inductance, wound 
on low-expansion forms. Difference between 
measured and calculoted ralues is the 
internal Inductance component 


fflass forms. Such coils will have 
greater distributed capacitance 
than those consisting of a single 
self-supporting layer or of round 
conductor wound on a smooth form. 
Multilayer coils and closely wound 
solenoids have higher values of dis¬ 
tributed capacitance because of the 
decreased spacing and replacement 
of air between turns by solid insula¬ 
tion of higher permittivity. 

Distributed capacitance of a coil 
increases its effective inductance to 
a value L\ as indicated by the for¬ 
mula 


in which Co is the distributed ca¬ 
pacitance, (I) is the angular fre¬ 
quency, and L is the inductance 
when Co is not taken into account. 
The distributed capacitance of a 
single-layer solenoid can be calcu¬ 
lated readily, and rather surpris¬ 
ingly, does not depend upon the 
number of turns but upon the turn 
spacing and the coil and conductor 
diameters. Distributed capacitance 
does not include that of the mass of 
the coil to ground or the capacitance 
between leads or terminals. 

The inductive temperature coeffi¬ 
cient Y due to self capacitance* is 


k 4* u^LC o9 
" 1 - tfLCc 


( 6 ) 


where k is the composite temper¬ 


ature coefficient of expansion de¬ 
termined by the coil form and the 
conductor, and a is the temperature 
coefficient of permittivity of the 
coil form or other dielectric between 
turns. Equation 5 indicates that 
the inductive temperature coeffi¬ 
cient will increase with frequency, 
with the temperature coefficient of 
permittivity of the dielectric, in¬ 
cluding that of any impregnant or 
finish, and with the magnitude of 
the distributed capacitance. 

The magnitude of self-capaci¬ 
tance effects at frequencies above 
one-tenth of the natural resonance 
frequency may be noted from Fig. 
2. This curve shows the variation 
in inductive temperature coeffi¬ 
cient with frequency, calculated 
and measured by Thomas’^ for a 
small coil having the conductor de¬ 
posited electrolytically in grooves 
in a ceramic form. As the natural 
frequency of this coil, 10.9 me, is 
approached, the temperature coeffi¬ 
cient rises from a low value of 8 x 
10'* per degree C, approximately 
equal to the expansion coefficient of 


the ceramic, to nearly 1,000 x lO"* 
per degree C. Components other 
than expansion and self capacitance 
were small in this particular coil. 

Not only is it important that a 
coil have small distributed capaci¬ 
tance, but also that the insulation 
have a small temperature coefficient 
of permittivity. The scarcity of data 
on this coefficient prompted the 
writer to collect the information 
presented in Table I. 

Praefieal Coll Consfriietloo 

The writer's test on receiver and 
small transmitter coils, using fin¬ 
ishes having a neutral effect, cov¬ 
ered a range of temperature coeffi¬ 
cients from 4.1 X lO * per degree 
C, for a special coil with silvered- 
invar conductor and low-expansion 
ceramic, up to 60 x lO * per degree 
C for a low-frequency antenna coil. 
Temperature coefficients as low as 
1 X 10 * per degree C have been ob¬ 
tained by others by the use of more 
complicated designs.* ® ' 

One of the basic problems in coil 


Table II—Temperoture Coeflicients of Commercial Copadtoxs 


Type of Capacitor 


Temperature 
Coefiicienl 
(Parts per Million) 
per Degree C) 


Notes 


Fixed ceramic com¬ 
pensating 
Molded mica 


Molded silvered 
mica 

Mica compression 
trimmer 

Molded paper (JAN 
spec) 

Paper (impregnated 
ana sealed) 

Variable air di¬ 
electric: 

Ganged receiver 
type (ceramic in¬ 
sulation, no 
trimmer) 

Trimmer (ceramic 
insulation; at 
midposition) 
Vacuum type (GE 
Type GL-IL38, 50 
M/xf. 7,500 V) 


— 1.600 to -f I'*>0 

4-50 to —500 

-250 to 4'250 
4-400 to 4’BOO 
-20,000 to 4-20,000 

-f 98 to 4-28 

4-136 

4-27 


Linear and stable; coeflicient varies 
at low frequencies* 

Writer’s measurements. Aging has 
somewhat variable effect on ca¬ 
pacitance shifts* •**. 

Writer’s measurements. Aging 
effect alK)ut 1/5 that of mica type. 
Writer’s measurements. 

Variable. Large aging effect. 

Vary widely with temperature, fre¬ 
quency, and type impregnant'* “ 


Writer’s measurements. See Fig.4. 


Writer’s measurements. 

Manufacturer’s rating. Probably 
linear and stable. 


Note: Numerical superscripts refer to referenc.es cited in text. 
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Taricrtion with frequency of inductiye tani' 
p«ratur« co9iiici«nt oi a small coil 

design is that of obtaining induc¬ 
tance that is stable cyclically with 
temperature variations and also has 
secular, or long term, stability. For 
example, self-supported single-layer 
coils are found to have poor cyclical 
stability. Figure 3 shows results of 
a complete temperature cycling test 
at 1.5 me on an oscillator coil wound 
with silvered nickel-alloy conductor 
on a ceramic form haying a small 
expansion coefficient. 

Temperoture Coefficientt in Capocitors 

Fixed and variable air-dielectric 
capacitors have been constructed, 
after careful design, to have tem¬ 
perature coefficients as low as 1 x 
lO * per degree C, and to have ex¬ 
cellent retrace characteristics as 
well as secular stability.^’ *• *• “ How¬ 
ever, such special and expensive 
constructions, some of which re¬ 
quire low-expansion plates and 
spacing element^ and bimetallic 
compensators, are seldom used com¬ 
mercially. 

Considerable use has been made 
of ceramic compensating capacitors 
in tuned circuits of receivers and 
transmitters,' * despite the diffi¬ 
culties and compromises in compen¬ 
sation usually involved. Although 
they are stable, ceramic types have 
higher r-f losses than air-dielectric 
types,'" and their temperature coeffi¬ 
cients cannot be predicted as ac¬ 


curately as desired before firing. 
Ceramic compounds of higher per¬ 
mittivity are now being made of 
various mixtures of titanium diox¬ 
ide and barium titanate, which has 
a permittivity of 1,200, or other 
combinations with strontium and 
calcium titanates." Many of these 
compounds have linear character¬ 
istics with temperature and fre¬ 
quency at above 10 to 50 cps.*’ “ 

The capacitance - temperature 
shift of a low-priced, ganged re¬ 
ceiver tuning capacitor, employing 
phenolic insulation for the stator 
and attached trimmers, was found 
to be much greater than that of a 
similar unit using ceramic insula¬ 
tion. Capacitance shift and temper¬ 
ature coefficient as functions of 
rotor position for the ceramic-insu¬ 
lated capacitor are shown in Fig. 4. 

Humidity Effects 

Changes in capacitance of air-die¬ 
lectric capacitors due to the tem¬ 
perature coefficient of permittivity 
of air are negligible in most cases, 
being only 1.87 x 10‘* per degree C 
for dry air at 20 C. The effect of 
humidity becomes appreciable at 
higher temperatures, amounting to 
217 parts per million for a change 
in relative humidity from 0 to 100 
percent at 50 C. 

Moittura Films 

Of more importance, is the effect 
of film.s of moisture on capacitor 
plates or over the outer surfaces of 
coils, that is, lying within the elec¬ 
tric field between turns. Such films 
are of particular importance when 
they are formed over thin films of 
oil or grease on metals, thereby in¬ 
creasing the effective film thickness. 
Table I shows that water has a very 
high temperature coefficient of per¬ 
mittivity a.s w*ell as a high dielectric 
constant. Con.sequently, frequency 
shifts due to such invisible mois¬ 
ture films may exceed 100 cycles per 
me even before absorption of mois¬ 
ture occurs in insulating materials. 
Obviously, the much thicker films 
formed by visible condensation will 
have even more substantial effects. 

It is generally known that the ab¬ 
sorption of moisture by solid insu¬ 


lating materials increases their per¬ 
mittivities, but the fact that water 
has a large negative temperature 
coefficient is not .so well known, nor 
has its wide variation with tem¬ 
perature and with certain temper¬ 
ature-frequency combinations been 
widely recognized.'■ 

Table II presents data on the 
temperature coefficients of capaci¬ 
tors of various types. Tests made 
by the writer showed the variation 
of temperatin*e coefficient for com¬ 
mercial mica and silvered-mica 
types over the extreme working 
range, differences between units of 
the same type and make, and their 
erratic changes with time.‘“ Un¬ 
fortunately, the bulk of commercial 
grades of mica and silvered-mica 
capacitors, such as are used com¬ 
monly in radio receivers, differ 
greatly from the high grade com¬ 
ponents referred to by some writ¬ 
ers,'’ “ and enjoy a better reputa¬ 
tion for low temperature coefficient, 
cyclical reliability, and permanence 
than their performance under ade¬ 
quate temperature tests warrants. 



FIG. 3—Tamparatura cycling ranociirnmnnti 
yinldnd data for this Iraquancy thilMam- 
pnratura choracterittic oi a imoU low- 
•xpantion coil. Thonnal lag of coil parti 
coiisoi logment AB to dorioto from meda 
part of curro ond roiulti in diiplacomont 
of rotrace curro 
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no. 4—Capadtoaco-tonporoturo ihili and 
lomporatiiro eooffieioat for a eoramledn- 
ittlolod goagod tuning capacitor oi fnac- 
tkHU of eapadtanc# Mlting 
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Th« input capacitance of a 7A4 
tube ehanf^es about 0.17 fud during 
the first fifteen minutes of opera¬ 
tion. For a 6J5, the change is 
about twice as great. In receiver 
r-f tubes, the change in interelec¬ 
trode capacitance is about one-fifth 
to one-eighth of these values." 

For an assumed circuit capaci¬ 
tance of 25 /t/tf, such tube-capac¬ 
itance shifts cause frequency shifts 
of 3.4 kc to 6.8 kc at a nominal fre¬ 
quency of 10 me for 7A4 and 6J5 
oscillators, respectively. When cir¬ 
cuit capacitance is large, the effect 
of tube-warmup shift is minimized, 
and a similar order of capacitance 
change in bakelite wafer-type 
switches, sockets, and the like, is 
also minimized. 

Wiring ond Switching Devices 

From the data in Table I, it can 
be seen that stray circuit capac¬ 
itances, particularly tho.se involv¬ 
ing dielectric materials such as 
l)henols and other plastics, can 
cause very large circuit tempera¬ 
ture coefficients when stray capac¬ 
itance is a large fraction of total 
circuit capacitance. Ceramic tube 
sockets and ceramic and glass- 
bonded mica insulation for contacts 
and terminals are probably the best 
materials where frequency stability 
is critical. 

Tuned-Circuit Resistonce 


Wiring and leads to coils and 
capacitors also undergo changes in 
inductance with temperature due to 
expansion and skin effect. The 
latter varies with frequency and 
size of conductor, and as a result, 
inductive temperature coefficients 
in the order of 20 x 10 * to 
60 X 10 • per degree C can occur.'* 
The resonant frequency of an 
R-L-C circuit, when the resistance 
is taken into account is given by 


^liLC - 

ArLC 


(fi) 


The more familiar formula, / = 
l/2w\/LC. takes no account of the 
small effect of circuit resistance 
upon the frequency. 

An example will illustrate the 
contribution of resistance in a 


practical case of an R-L-C circuit 
in which L — 100 /th, C = 100 
H/d and ~ 10 ohms. The reso¬ 
nant frequency is approximately 
1,692 kc. The resistance factor in 
the numerator of Eq. 6 reduces 
this frequency 12.5 parts per mil¬ 
lion, or 19.9 cycles in this example. 
F^or a resistive temperature coeffi¬ 
cient for annealed copper wire of 
3,930 V 10 * per degree C at 20 C. 
the resulting frecpiency tempera¬ 
ture coefficient would amount to less 
than one part per million. 

This low calculated value checks 
with the maximum value found by 
Thomas' in checking the effect of 
coil resistance in a test oscillator. 
Under the poorest operating condi¬ 
tion, he found the maximum fre- 
(|uency temperature coefficient to be 
1.2 parts per million. 

Therefore, it is apparent that the 
only serious effect due to changes in 
coil resistance with temperature 
are the resulting changes in eddy 
currents in the conductor which 
affect the internal inductance 
coefficient, as described above. 

Resistor Voriofions 

Resistors that control tube oper¬ 
ating voltages often have appre¬ 
ciable resistive temperature coeffi¬ 
cients. In a reasonably well designed 
commercial radio receiver, the oscil¬ 
lator frequency drift is not likely 
to exceed 300 parts per million for 
a change of 10 percent in line volt¬ 
age, and shifts as low as 25 parts 
per million are reported for perme¬ 
ability-tuned oscillators.* There¬ 
fore, it is unlikely that shifts 
greater than a few parts per million 
per degree C can be ascribed either 
to carbon resistors having tempera¬ 
ture coefficients, usually negative, 
between 600 x 10“* and 8,900 x 10 * 
per degree C, or to wire-wound re¬ 
sistors having coefficients of 200 x 
10 “ to 500 X 10 • per degree C. 

The mechanical design of sets 
and components must be such that 
stressing of materials beyond elas¬ 
tic limits at extreme temperatures 
does not occur. For example, wire 
on a coil form may be stressed when 
the coil form has a much higher 
coefficient of expansion than the 



FIG. 5—Frvquency drilMemparature curves 
illustrate onalysis of drift in development 
of an airborne transmitter. Curve 1: total 
circuit drift due to original coil with bakelite 
endpieces; curve 2: component produced 
by coil frame; curve 3: drift from relay 
contact plate; curve 4: drift from toggle 
switch; curve 5: component from rotor coil; 
curve 6: drift obtained with revised coll 
construction 

wire. Buckling of chassis or .struc¬ 
tural members must also be avoided. 
The nonlinearity of curve 1 in Fig. 
5 is probably due to such unequal 
expansion effects. In drift tests on 
a military radio receiver, the writer 
found that a radical change or re¬ 
versal of the temperature coefficient 
occurred at a temperature below 
freezing. This effect was traced to 
leads on an air-dielectric trimmer 
capacitor which were too taut, dis¬ 
torting the stator assembly. 

Tost on Dovolopmontaf Tronsmitfor 

A number of the factors involved 
in causing frequency drift are illus¬ 
trated in Fig. 5 which depicts the 
history of the laboratory develop¬ 
ment of a radio transmitter for 
military aircraft use. This expe¬ 
rience and the analysis of drift 
factors resulted in replacement of 
standard commercial parts with 
components having lower tempera¬ 
ture coefficients. Many laborator¬ 
ies probably reached similar con- 
clu.sions in solving such design 
problems during the war. 

Each component under investiga¬ 
tion was mounted in the tempera¬ 
ture-controlled test chamber and 
was used to control the frequency 
of an oscillator beating with a 
crystal-controlled oscillator. Curve 
1 of Fig. 6 shows the frequency 
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drift with temperature at a fre¬ 
quency of 3 me for the original 
oscillator coil assembly. Despite 
the fact that this variable inductor 
was wound on a grooved ceramic 
form, a frequency drift of 630 
cycles per degree C, or 210 parts 
per million, was observed above 
room temperature. This measure¬ 
ment confirmed the original sus¬ 
picion that the coil contributed 
largely to the bad drift character¬ 
istics observed in the initial model 
of the complete transmitter. The 
reduced rate of drift at low tem¬ 
peratures was probably due to non¬ 
linear expansion effects in the coil 
assembly. 

The coil frame endpieces, on 
which the terminals were also 
mounted and which were con¬ 
structed of high-grade laminated 
phenolic, were tested separately. 
Curve 2 indicates that these end- 
pieces contributed to the circuit a 
component of frequency tempera¬ 
ture coefficient equal to 90 x 10 " 
per degree C. This component is 
nearly half that due to the whole 
coil assembly, and results from the 
high temperature coefficient of per¬ 
mittivity of the phenolic, shown in 
other tests to be of the order of 
1,000 X 10 * to 1,300 X 10 * per de¬ 
gree C. Other components employ¬ 
ing phenolic insulation were a tog¬ 
gle switch, used to select quartz 
crystals for fixed-frequency opera¬ 
tion, and the contact mounting 
plate of a band-change relay. 


Curves 3 and 4 show that these 
parts added drift components of 
110 X 10 * and 41 x 10 * per degree 
C to the overall result. Although 
each of these circuit elements con¬ 
tributed only a few fx^d of capac¬ 
itance to the circuit, their capac¬ 
itance changes with temperature 
were large enough to affect seri¬ 
ously even the stability of circuits 
employing large tank capacitors. 

The large frequency drift was 
remedied by a new coil design. The 
new coil, of slightly reduced size 
and inductance, employed a silver- 
jacketed nickel-alloy conductor with 
a temperature coefficient of linear 
expansion of 1 x 10 * per degree C. 
This coil was wound on an Alsimag 
No. 202 grooved ceramic form hav¬ 
ing a very small expansion coeffi¬ 
cient of 1.88 X lO * per degree C as 
compared to a coefficient of 6.34 x 
10 * per degree C of the coil form 
previously used. The bakelite end- 
pieces were replaced by aluminum 
plates into which ceramic bushings 
were inserted for insulated parts. 
The new coil had a frequency tem¬ 
perature coefficient of onlv 19.5 x 
lO * per degree C, including 4.1 x 
10 * per degree C due to a rotor coil 
as shown in curve 5, indicating an 
improvement of more than ten to 
one. The drift curve obtained with 
this new coil is shown in curve 6. 

The toggle switch was replaced 
with a rotary type employing ce¬ 
ramic insulation and the relay con¬ 
tacts were mounted on a piece of 


glass-bonded mica. A large ceramic 
capacitor with a very small nega¬ 
tive temperature coefficient was 
used to compensate the remaining 
positive drift components due to 
the coil, wiring and oscillator tubes. 
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Mutual Inductance of Concentric Coils 


For air-core transformers with greater length than diameter, such as are generally used 
in r>f service,'this nomograph provides pertinent design data in three settings of a 
straightedge and clearly shows the effects of changes in parameters 


M utual inductance between 
two concentric single-layer 
air-core solenoids is a circuit value 
that defies simple analysis. Mutual 
inductance is dependent on coil 


By THOMAS 0. BLOW 

dimensions in such an involved 
manner that design of a radio-fre¬ 
quency transformer is difficult. This 
nomogram facilitates the design of 
these transformers. 


Examination of the relationship 
for coaxial solenoids (Circular C74, 
National Bureau of Standards, Jan. 
1987, p 281-282) reveals that for 
values of D/I less than unity the 
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formula reduces approximately to 

The accuracy of this approximation 
is within three percent for most 
conditions. Prom this formula a 
simple nomograph, which allows an 
investigation of the effects of the 
parameters, can be plotted. For 
given coil dimensions, M is directly 
proportional to the product of pri¬ 
mary and secondary turns. For a 
given value of d, the outer diameter 
D does not greatly influence the 
mutual inductance, and the length 
of the shorter coil has no effect on 
the mutual inductance. 

To show the use of the chart, 
consider a design where the outer 
coil is to be the shorter. Choosing 
I as 8 in., d as 3 in., and D as 4 in., 
draw a line (1) through Z = 8 and 
D/I = 0.5 extending to the M scale. 
Connect this intersection on Af to 
d = 8 with a straight line (2). Use 
the resulting intersection with the 
I scale as a turning point for select¬ 
ing compatible values of Nn and 
M, draw a straight line (3). If, 
as shown, the mutual inductance is 
to be 2 mb, the turns product should 
be 80. With 16 turns on the longer 
coil, 5 turns would be required on 
the shorter one. It should be noted 
that the 5 turns can be wound with 
any spacing without materially 


changing the value of M. The chart 
can be used to determine any one 
of the variables /, d, D, Nn, or M 


when the others are known as long, 
as the sequence of operations is pre¬ 
served, namely 1,2,8 or 3,2,1, 



Resonance in Mica Capacitors 


I N numerous high-frequency elec¬ 
tronic applications the require¬ 
ment exists that several physically 
separated points in a circuit be es¬ 
tablished at a common potential. 
To satisfy this condition most effi¬ 
ciently it is necessary to operate 
by-pass capacitors in a series reso¬ 
nant condition. 

The simple capacitor element is 
composed of an effective capaci- 


By A. P. BREEN 
aid 

C. T. McCOMB 

tance in series with an inductance; 
this inductance is composed not 
only of the inductance of the asso¬ 
ciated leads but also the inherent 
inductance of the foil or plates of 
the capacitor itself. From this it 
is seen that for any particular ca¬ 
pacitor size or shape there will be 
associated with the capacitance an 
absolute minimum of effective ser¬ 
ies inductance. At low frequencies 


the magnitude of the inductive 
component of reactance is so small 
that it is negligible in comparison 
to the capacitive component. As 
the frequency is increased the ca¬ 
pacitor element behaves as an or¬ 
dinary series resonant circuit. 

For the most efficient application 
of a by-pass capacitor to function 
at a given frequency or band of 
frequencies, the best unit will be 
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The chart gives lead lengths and capacitance values 
for series resonance at any frequency from 5 to 800 
Me, for postage-stamp mica by-pass capacitors with 
No. 20 tinned copper leads 


the larjfest practical capacitance 
that will meet both the physical 
and resonance requirements. The 
physical requirement will be fixed 
by the space available and the 
necessary lead lenjrth. With the 
lead length factor being determined 
by circuit requirements, the size of 
capacitor for resonance is then 
fixed by the frequency. 

The above consideration has been 
applied to the case of the common 
postage-stamp mica capacitor. An 
experimental determination of the 
resonant freciuency variation as a 
function of lead length has been 
carried out using mica capacitors 
with leads of No. 20 tinned copper 
wire. The accompanying chart 
gives the results of measurements 
conducted over the practical range 
of lead lengths for numerous sizes 
of mica capacitors. The character¬ 
istic shape of the curves demon¬ 
strates the existence of the above- 
discussed inherent inductance of 
the capacitor element. Since the 
functional variation of resonant 
frequency is plotted with respect 
to actual lead length, the residual 
inductance of the unit manifests 
itself as an asymptotic maximum 
resonant frequency for any par¬ 
ticular capacitor. 

Exomple of Uto of Chorf 

A by-pass capacitor is desired for 
100 Me. Reference to the chart 
shows that there are four capacitor 


sizes that exhibit a usable reson¬ 
ance at this point, these being 
represented by the four curves that 
intersect the vertical 100-Mc line. 
The largest capacitance is most de¬ 
sirable as discussed above, but the 
choice of unit will be determined 
partially by the lead length require¬ 
ment, It is seen from the chart 
that the range of available capaci¬ 
tances varies from 250 /i/tf with a 
total lead length of 0.31 inches to 
25 /4/Af wdth a lead length of 4.0 


inches. Assuming that a lead length 
of 1.0 inch would be most desirable 
for the circuit, a lOO-jn/if capacitor 
would be chosen. 

An examination of the chart re¬ 
veals an interesting yet expected 
relationship. It is seen that for a 
constant lead length the resonant 
frequency varies inversely as the 
square root of the capacitance. 
Thus for a 1.0-inch lead length, 500 
fifif is resonant at 43.6 Me, and 5 
jtt/xf is resonant at 436 Me. 


High-Q Iron-Cored Inductor Calculations 


From analytic development, equations for the conditions at which inductor Q will he 
at its highest are derived. Using these equations, core and coil dimensions for an iron* 


cored inductor are calculated 


I BON-CORED audio-frequency in¬ 
ductors of good Q can be de¬ 
signed with reasonable accuracy, 
and their performances over a 
range of frequency and voltage can 
be predicted by the method to be 


and the eflfects of varying its 

By STEPHEN L. JAVNA 

described herein. Intuition regard¬ 
ing these matters develops with ex¬ 
perience, and model theory may be 
applied, nevertheless it is desirable 
to approach the subject from an 
analytical point of view. 


parameters are studied 


Literature is replete with general 
information on the subject but 
there does not seem to be a com¬ 
pletely organized method of solu¬ 
tion. It is the object of this paper, 
therefore, to present a “cook-book*' 
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method for inductor design aimed 
at obtaining a design that will give 
an optimum value of Q. 

The approach is to write down 
all pertinent equations, making a 
few simplifying assumptions so that 
all the variables that enter into 
them will be analytic. These equa¬ 
tions are substituted, one into an¬ 
other, and the result then differen¬ 
tiated and equated to zero in such a 
manner as to obtain the optimum 
design conditions. Thus, although 
the final design equations are suit¬ 
able for blind substitution of the 
given coil parameters and direct so¬ 
lution for the remaining param¬ 
eters, they will be based on mathe¬ 
matical development. 

Design equations for direct sub¬ 
stitution simplify such design prob¬ 
lems as determining the manner in 
which each coil dimension affects 
the coil Q, and thus aid in deter¬ 
mining the changes in design that 
will lead to the required inductor 
improvements. 

The utility of the equations has 
been tested in design by comparing 


Table I.—Symbol* ior coil and 
core porametere used in the text 


A Eff«ctlv« croM>MCllon«l erva ot 
flux path. In iquara inchat 
At • Gron crom-tactienal area of mafnallc path, 
I n tquara Inchat 

a — Empirical conttant, laa Eq. (1) 

B — Maximum flux dantily wlHiin the cora, In 
max walls par tquara Inch 
c — Araa of coil conductor. In tquara inchat 
F — Fraction of cora-window araa eccuplad by 
coppar wire of coll 
f —Frequency, In eyelet par tacond 
f — Actual gap lanflh, In inchai 
i — Currant through coll. In amparat 
It — Empirical constant, tea Eq. (1) 

L —I nduetance of iron-corad coll, In hanryt 
I — Mean length of magnetic path. In Inches 
t' — Length of coll conductor, in inches 
m — Mean length of a turn of the coll, in Inches 
mA - - Incremantal parmaablUty of core with raspact 
to air at operating frequency, in gllbartt 
par inch 

N - - Number of turns in coil 
n — BaS wire die number of conductor 
ffm-c —Apparent altemating-cuifent coll resistance 
cauMd by core! oss. In ohms 
Copper-lots resistance. In ohms 
ft* — Reluctance of air gap assuming no fringing, 
I n gilberts per maxwell 

P —Resistivity of conductor, on ohm-inches 
(0.67tt X 10-« for copper) 
f —Total lamination window area. In square 
inches 

I —Tongue width. In inches, see Rg. Ka) 
y — Voltage aaots cell, In volts 
w — Weight of cere. In pounds 


the calculated with the measured 
characteristics. 

The development will be directed 
toward finding an answer to the fol¬ 
lowing problem. 

Given: Required inductance 

Maximum allowable coil 
dimensions 
Operating voltage 
Operating frequency 
No d-c in the coil 

To find, for a condition of opti¬ 
mum Q: 

Number of turns 
Wire size 

Lamination size and stack 
Lamination material 

Q 

Effect of parameters on 
Q and inductance 

Indyetor Conttructlon 

Generally speaking, inductors 
used in communication equipment 
such as wave filters include a coil 
of wire that is wound over a suit¬ 
able form in a manner described 
elsewhere.^ The coil is mounted 
over an iron core which among 
other forms may comprise a to¬ 
roidal dust core, Hipersil loop, con¬ 
ventional E-I laminations, or any 
one of the innumerable other lam¬ 
ination forms and shapes, none of 
which affects the design procedure. 

A popular and easily available 
shape is the scrapless E-I lamina¬ 
tion. These are so called because 
two Es and two Is are stamped 
simultaneously from a single blank 
as shown in Fig. 1(a), with no 
scrap. Fig. Kb) gives the dimen¬ 
sions of a choke coii utilizing scrap¬ 
less laminations of such a quantity 
as to provide a square cross-sec¬ 
tional area of magnetic path. These 
laminations are described in greater 
detail in manufacturers’ handbooks.* 

A magnetic path of square cross- 
section is desirable because it can 
be shown that for a given cross- 
sectional area of magnetic path, the 
rectangular configuration which 
gives the shortest mean length per 
turn of wire is a square. Due to 
burrs and scale on the laminations, 
the effective or net cross-sectional 
area of the stack and tongue width 
is about 0.9 of this product. 


Laminations may be stacked by 
interleaving, or by stacking all the 
E pieces in the same direction, and 
butting the I pieces against them as 
shown in Fig. Kb). If an air gap 
is required, a nonmetallic gap 



FIG. 1—(a) Layout for stamping scrap- 
loss E-I laminations, (b) Plan shows 
assembly of core from lominations. 
(c) Eleyotion of completod transformer, 
showing coil wound on core 



FIG. 2—^Equivalent cireuif of iron-cored 
inductor ot a fixed frequency ond volt¬ 
age 
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FIG. 3—Experimenlally determined curTet ehow Toluei ol o In Eq. (1) for 
three typee of core material as a function of frequency 


spacer of proper thickness is in¬ 
serted in the joint between each E 
and I, and the assembly mechan¬ 
ically clamped together. The coil is 
always designed to fill the window 
of the closed lamination, as Fig. 
l(c> indicates. 

Development of Design Equations 

At a given set of conditions of 
frequency and voltage the equiva¬ 
lent circuit of an iron-cored in¬ 
ductor may be represented by Fig. 
(2). i?.,. is a fictitious value of re¬ 
sistance which, if multiplied by the 
square of the coil current, will give 
the core loss of the inductor. Thus, 
the losses in the inductor may be 
represented by -f where 
PR^., includes copper losses, and 
PRn-i includes core losses. 

In developing design equations, 
we will first derive expressions for 
the alternating-current and direct- 
current resistances of the inductor. 
By combining these two resistance 
equations with the equation for the 
Q of the inductor, we will obtain 
the design equations. 

To determine the alternating-cur¬ 
rent resistance let us assume that 
core loss of an inductor can be ex¬ 
pressed in the form 
Pol “ watts per pound (1) 

Quantities represented by symbols 
used in this and subsequent equa¬ 
tions are given in Table I. Total 
core loss in the inductor is then 
P ■» kB^^w watts (2) 

But by Ohm^s law, core loss is also 
given by 

P «« PR ^ watts f3) 

Equating Eq. (2) and (3) and solv¬ 
ing for we obtain 

■■ kBHp/P ohms (4) 

Since the Q of the coil will usually 
be greater than 10, practically no 
error is introduced ty setting 
I -• VI2irfL amperes (5) 

Substituting Eq, (6) in Eq, (4) 
and solving, we obtain 
Po-o - 39 .5kB^(fL/ V)* ohms (6) 

Direct-current resistance of any 
conductor can be represented by 
the equation 

R^ ■" pL'/e ohms (7) 

Where L' can be found from 
L' mN inohss (8) 


For any coil the conductor cross- 
sectional area can be computed 
from the winding window area by 
c * bF/N square inches (9) 

Substituting Eq. (8) and (9) 
into Eq. (7) and solving for the 
direct-current coil resistance we 
find that 

Pd-e - (mAr*/«P)0.6788 X 10“^ ohms (10) 
The basic equation for induced 
emf in a coil is F = 4A4fNBA X 
lO** volts, or 

N - (r/4.44/PA)10» turns (11) 

Substituting Eq. (11) into Eq. (10) 
we obtain 

- (mAP) (V/fBAP X 3.44 X 10“ 

ohms (12) 

Equations (6) and (12) give us 
the alternating-current and direct- 
current resistances of the inductor 
in terms of primary design param¬ 
eters. 

Inductor design is to be such that 
the Q will be as high as possible. 
Q is given by the definition 
Q-2ir/L/(P^-l-Pd-J (13) 

It is apparent that Q will be a 
maximum when (E,., *f R^-t) is a 
minimum. Differentiating (E.-* -f 
Ed.«) with respect to E, setting the 
derivative equal to zero, and solv¬ 
ing for B will give the value of B 
at optimum operation. Thus 

(f(Pa~C 4- Pd-c) .. Q 
dB 

39.6aibP«-»w(/L/ V)» - 
(m/tP) (V/fBAPB X 6.88 X 10- 


Solving this expression for B we 
obtain 

ri7.4mr^x 

^ “ L akwP(LA)hF J 

maxwells per square inch (14) 

Air Gap Calculafioiis 

Resistance per foot of copper 
wire at 20®C may be written 
JB s> 2*/* X 10“^ ohms per foot (15) 
Solving for wire size we find that 
n = 50.79 -f- lOlogE, but R = E., ./ 
niN, and therefore 
n - 50.79 -f 10 log (Ra^/mN) (16) 
A well-known expression for in¬ 
ductance is 

L - 3.19 X 10-« (P' + l/nAA) (17) 
In the subject case R' may be ap¬ 
proximately expressed as 2g/A„ 
where g is the width in inches of 
the actual air gap between E and I 
pieces at the butt joint. This neg¬ 
lects fringing. Roters* has devel¬ 
oped a method for computing air 
gap reluctance which takes fringing 
into account. By this means g may 
be corrected analytically. For or¬ 
dinary manufacturing purposes all 
that is required is a general idea of 
gap size, and the approximate 
method will usually be found quite 
sufficient. As a matter of fact, after 
the coil is manufactured and as¬ 
sembled the gap is adjusted so that 
the coil inductance will be exactly 
the value desired. 

Substituting the foregoing ap- 
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proximate value of R' in Eq. (17) 
we obtain for gap width 
{IPAJ2L) 3.19X10^- 

(M^/2MAi4) inches (18) 

M«osttr#d 

Experimentally obtained curves 
for k and a for a number of mag- 
netic materials are given in Fig. 
(3) and (4) respectively. These 
curves are obtained as follows. A 
sample stack of the material to be 
tested is obtained and a coil of any 
convenient size and number of 
turns is mounted over the core. 
The core is butt stacked with a gap. 
Inductance and Q of the test unit 
are measured at a number of repre¬ 
sentative voltages—enough to cover 
a sufficiently wide range of flux 
densities—for several values of fre¬ 
quency as parameters. (The author 
has used a General Radio imped¬ 
ance bridge with good results.) 

The effective resistance as ob¬ 
tained from Eq. (13) is 

« 2wfL/Q (19) 

the direct-current resistance 
of the coil is easily measured. 
the effective alternating current of 
the coil can then be computed from 
Eq. (19) using the measured value 
of Q. 


To determine core loss, coil cur¬ 
rent is obtained from 7 = V/2n fL 
where V is the sinusoidal voltage 
measured directly across the coil 
after the bridge has been balanced. 
Obviously the input impedance of 
the voltmeter used for this meas¬ 
urement should be much greater 
than 27 c/L. Knowing the coil cur¬ 
rent, the core loss can be calculated 
from Eq. (3). The core should be 
weighed or its weight computed by 
counting laminations. Core loss is 
then 

Pci = PRm-^/w watts per pound (20) 

From Eq. (10) B = (V/4.4AfNA) 
X 10*. 

With this information, core loss 
curves can be plotted as in Fig. 5, 
with frequency as parameter, on 
log-log paper. These curves will all 
be nearly straight lines. The slope 
of these curves is the exponent a, 
and k can be computed for the cor¬ 
responding frequency by taking the 
core loss at any flux density on the 
curve and substituting in Eq. (1). 
From the data of Fig. 5 and similar 
curves, Fig. 3 and 4 are obtained. 
These curves justify the original 
assumption that core loss may be 
represented by P = kB\ To com¬ 


plete the data necessary for design¬ 
ing an inductance, a typical curve 
of incremental permeability vs flux 
density is reproduced in Fig. 6, but 
it will be seen later that these 
values are not critical. 

Dttigii Proc«diir« 

A typical problem will be solved 
to illustrate design procedure. 

Given: 

Required inductance of 6 hen- 
rys 

An available space of 2i X 2 X 
inches 

Operating voltage of 10 volts 
An operating frequency of 
1,000 cycles per second 
Core material available is Al¬ 
legheny audio transformer 
A steel, annealed after 
stamping, laminations in 
0.014-inch thickness (29 
irage) 

To find: 

Number of turns in coil 
Wire size for winding 
Lamination size and stack 
Gap width 
Q of coil 

Designing for a square core 
cross-section, we see that a scrap- 



nG« 4— For use In determlaliig cor# Iom In inductor eolculo- FIG. S-~Coro Iom mocnurod at sovorol iroquondoc for a Mnall 

tioao# k as dotonalnod oxporlmoatolly for thro# difloront oomplo of 04l074nch hlgh-olUcon itooL Alloghony oudio tront- 
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less lamination with t ~ \ inch will 
fit the space allowed. Finished di¬ 
mensions will require a space 21 X 
1? X IJ inches as illustrated in 
Fig. 7. 

First the physical design param¬ 
eters will be calculated from the 
required conditions and the pre¬ 
viously developed equations, and 
then the coil and core will be de¬ 
signed. Utilizing the same notation 
as previously, from the dimensions 
of Fig. 7 we obtain 


m ^ “■ 4.5 inched 



w =» 0.615 pounds 


. - (f)(1) ,0.„ 

» 0.505 square inches 


Ag 

B 


(v)(f)- 


0.563 square inches 
a 0.422 square inche.s 


It will be assumed that the ratio 
of copper area in the window to 
window space area is 0,3. This is 
usual, somewhat less with smaller 
laminations, and somewhat greater 
with larger laminations. From Fig. 
(4) for 0.014-inch audio trans¬ 
former A steel, annealed after 
stamping, k at 1000 cycles is 1.3 x 
10 \ From Fig. 3, a 1.987. 

From Eq. (14) D is calculated to 
be 89.2 maxwells per square inch. 
From Eq. (6) and (12), » and 

/?d-c are calculated, giving i?„ - 

592 ohms and = 600 ohms re¬ 
spectively. Q is calculated from Eq. 
(13) using the previously deter¬ 
mined values of resistance. This 
gives Q = 26.3. 

The total number of turns is 
found to be 6,000 from Eq. (11), 
and the coil is to be wound of num¬ 
ber 36 wire as determined from Eq. 
(16). Using the value of B deter¬ 
mined previously, is found from 
Fig. 6 to be 1050. Equation (18) 
gives a gap length of 0.038 inches. 

It should be noted that the value 
of need not be accurate for even 
if it varies by 100 percent, the gap 
is barely affected. 

The coil is designed to fit a win¬ 
dow length of li inches with i inch 
on each side for a margin. Usable 
winding length is then i inch. The 


nominal diameter of number 35 
wire is 0.0061 inch, and thus turns 
per layer = (S)/0.0061 = 143.5 
turns. Allowing 5 percent for ir¬ 
regularities, we can expect the turns 
per layer to be (0.96) (143.5) = 
136 turns. From previous calcula¬ 
tion we found that 6,000 turns were 
required, therefore the number of 
layers will be 5000/136 = 37 layers. 
It should be noted that R^.r and 
come out nearly equal. This 
will verify the rule followed by 
most designers that for optimum Q 
the fixed losses represented by R^.c 
should be equal to the variable 
losses represented by If in 

Eq. (14) a is set equal to 2, the same 
result is obtained as w^hen Eq. (6) 
and (12) are equated and solved 
for /?. In other words, the rule is 
accurate if a = 2. Actually, a is 
usually nearly 2. 

The coil as designed above was 
constructed and with the gap ad¬ 
justed to give L — 5 henrys at 
1,000 cycles and 10 volts, Q was 
found to be 25.9, which represents 
an error of 1.6 percent. The gap 
was actually found to have been 
adjusted to be about 0.060 inch as 
against about 0.04 inch computed. 
This discrepancy is due to fringing. 

Suppose that it is desired to re¬ 
duce the size of the inductor by 
using a i-inch scrapless E-I lamin¬ 
ation with a i-inch stack. What is 
the effect of this change in physi¬ 
cal constants on the characteristics 
of the coil if the inductance is to 
remain 5 henrys at 10 volts and 
1,000 cycles? Taking F = 0.26 we 
find that 

B » 209 maxwells per square inoh 
** 994 ohms 
" 935 ohms 
Q * 16.3 
N ** 4,790 turns 
n - No. 39 

This is obviously not as good as 
the first coil because the Q is lower 
and number 39 wire is harder to 
handle. 

Suppose the same j-inch lamina¬ 
tion is used but with a one-inch 
stack, what then? The results are 
B « 135 maxwells per square inch 
796 ohms 
— 800 ohms 
Q «19.7 
.V - 3,710 turns 
n - No. 38 


This coil is better than that ob¬ 
tained with a 4-inch stack but not 
so good as that obtained with the 
J-inch lamination. 

Following this lead, suppose the 
coil is redesigned to use a 1-inch 
scrapless lamination, with a one- 
inch stack. Taking F = 0.35, 

B = 48.5 maxwells per square inch 

Ra-c =« 413 ohms 

Rn~o ■='415 ohms 

Q =- 3S 

.V =5,180 turns 

n = No. 32 









1 
























i 

L_ 





z 







-- 


















loo 3D0 JOO10OO m 

PO . 10(1000 

ipinrSgmlneK 


FIG. 6 —Incremental permeability char- 
octerlstic of 0.014*inch AUegheny audio 
transformer A core steel 
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If a Q of 26 iS tiot high enough 
for the first case that was computed 
and more space is not available, 
will using an 0.007-inch lamination 
thickness in the same size lamina¬ 
tion, i.e., 3-inch scrapless, improve 
the coil? New values of a and k are 
found from the graphs. The results 
are 

B »» 117.5 maxwells per square inch 
/2d-c •‘162 ohms 

« 312 ohms 
Q - 46.6 
N * 3,880 turns 
n - No. 34 

As might have been expected, a 
thinner lamination will improve the 
0 . 

Taking the original coil, 5,000 
turns of number 35 wire on a J-inch 
E-I 3-inch stack, Allegheny audio 
transformer A steel, annealed after 
stamping, 0.014 inch thick, oper¬ 
ated at 10 volts, what happens if 
the frequency is changed to 500 
cycles? Results are 


B « 226 maxwells per square inch 
*= 600 ohms 
* 385 ohms 
Q » 15 95 
L * 5 02 henrys 

If the frequency is maintained at 
1,000 cycles, but voltage is in¬ 
creased to 20 volts, what is the ef¬ 
fect? 

B « 178 maxwells per square inch 
Rd-c ~ 600 ohms 
Ra-.o * 586 ohms 
Q =26.5 
L =5.01 hcnrys 

It should be noted that due to the 
large air gap, the inductance re¬ 
mained practically independent of 
voltage and frequency. 

Thus the basic design equations 
may be used and applied to almost 
any magnetic material, regardless 
of shape or size, and the effects of 
various parameters may be easily 
computed. 
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Measuring Coil Characteristics Without an 

Impedance Bridge 

Use of the catlioJe-ray oscilloscope to measure inductance, Q, impedance, power factor, effec¬ 
tive resistance of coils- especially useful when changes are being made in the coils under 
measurement. Method would also make useful demonstration set-up for technical schools 


M any occasions arise where it 
is desired to measure induc¬ 
tance, impedance, or other charac¬ 
teristics of coils but a conventional 
impedance bridge is not immediately 
available. A cathode-ray oscillo¬ 
scope may be employed as the indi¬ 
cating device in conjunction with 
simple, readily obtainable circuit 
components to accurately perform all 
the functions of conventional bridges. 
The basic idea involves connection 
of the oscilloscope so that the pattern 
on the screen graphically compares 
the voltage across the unknown im¬ 
pedance in phase and amplitude to 
that across a non-inductive resist¬ 
ance. When two sine voltages are 
simultaneously applied, one to the 


By H. 0. BRAILSFORD 

horizontal and one to the vertical de¬ 
flection plates of an oscilloscope, the 
spot motion developed is a mechani¬ 
cal resultant of the two driving 
forces and is termed a Lissajous fig¬ 
ure. (See any text on sound or 
physics). Two measuring techniques 
employing these figures will be dis¬ 
cussed. 

Colibroting tli« Horlspiital and Vertical 
Amplifiart 

The methods to be described re¬ 
quire an equal deflection sensitivity 
for the vertical and horizontal am¬ 
plifiers in the oscilloscope. To make 
this calibration, the horizontal and 
vertical deflection input terminals 



FIG. 1—Proper adjustment of horixontol 
and Terlical gain controls on the oscUlo- 
scope will produce equal deflections, with 
the resultant straight line inclined at an 
angle of 45 degrees 
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should temporarily be connected to¬ 
gether and a deflecting voltage of any 
convenient value applied between 
these terminals and ground. The 
horizontal and vertical amplifier gain 
controls are then adjusted so that the 
pattern appears as Fig. 1, that is, a 
straight line inclined at an angle of 
46 deg. (r =r h). If a large number 
of measurements are to be made it 
is a good idea to seal the gain con¬ 
trol knobs in this position with a 
piece of tape to prevent their inad¬ 
vertent shift. 

Resisfone* Compariion Method 

Impedance. The circuit for di¬ 
rect impedance measurement is given 
in Fig. 2; R is a variable resis¬ 
tor, L is the coil under test, and Kl 
represents the total effective resist¬ 
ance of the coil. The alternating vol¬ 
tage supply may be from any con¬ 
venient source. If an oscillator with 
output voltage control is available, 
the potentiometer shown will not be 
necessary. The pattern on the screen 
will take the form of an ellipse. The 
driving voltage should be varied un¬ 
til the horizontal deflection (h) has 
any convenient value. Resistor R is 
now adjusted until the vertical de¬ 
flection is equal to the horizontal 
(i; = A as of Fig. 3). At this posi¬ 
tion the voltage drop across resistor 
R is exactly equal to that across the 
unknown impedance Z, therefore Z 
is equal to R. If an uncalibrated re¬ 
sistor is used, its resistance at this 
adjustment may be measured on an 
ohmmeter. A calibrated resistance 
will of course give the value directly 
in ohms of impedance Z. The voltage 
across R, (Ex) lags Eb by an angle, 


0, dependent upon the power factor 
of Z. 

Power Factor. The Lissajous flg- 
ure may be solved to yield the power 
factor and other characteristics of 
Z. At unity power factor 6 is zero 
and the pattern becomes the straight 
line of Fig. 1. At zero power factor 
0 is 90 deg. and the pattern becomes 
a circle. In Fig. 4 is shown the 
change in appearance of the pattern 
due to increased power factor by the 
addition of a series resistance in the 
coil circuit. The general equation* 
for this ellipse is 

— 2vhxy cos 6 sin* $ (1) 

Where x and y are the coordinates of 
any point, $ is the phase difference in 
degrees between the two voltages, 
V and h are the maximum vertical 
and horizontal spot displacements 
respectively. 

If we choose a point where the 
ellipse crosses one of the axes, then 
the other ordinate becomes zero and 
the equation reduces to 

sin db for a point on the y axis. (2) 

V 

sin ® =t for s point on the J axis. (3) 
n 

Referring to Fig. 4; if r rr 10, 
y ^ 7, 

Therefore: 

sin S » 0.7 
S - 44^* 26' 

Power Factor of Z ** cos B 0.714 

A vector diagram constructed to 
scale as in Fig. 4-A will graphically 
give the value of inductance and total 
effective resistance. A more direct 
method of measuring inductance and 
effective resistance will be described. 
In cases where Z has a very low 




FIG. 3—Oscillogram when the coil has a 
low power factor. Fine trace wUl aid in 
molctaig the mecuurement; a better plon 
is to OM a condenser of low power ioctor 
In ploce of R in Fig. 2 


power factor, that is, B approaching 
90 deg., as in Fig. 3, a considerable 
error may result due to the inability 
accurately to locate y. The use of a 
finer trace will help. A better method, 
however, is to use a low power factor 
condenser in place of R in the circuit 
of Fig. 2. A paper capacitor in the 
audio range may, for practical en¬ 
gineering purposes, be considered to 
have zero power factor. The pattern 
will then be the graphical reciprocal, 
so to speak, of that attained with the 
resistance, that is, for zero power 
factor, B — ISO deg. and the trace 
shows a straight line; for unity 
power factor ^ = 90 deg. and a circle 
appears on the target. Thus; 

Power Factor — y/v 

For the coil shown in Fig. 3 the 
power factor determined by this 
method was found to be 0.2 (6 = 
78® 45'). 

Reteneace Method 

Inductance. The circuit employed 
to determine inductance is given in 
Fig. 5. A variable oscillator will be 
required of appropriate frequency 
range. The coil to be measured is 
connected in series with a paper or 
mica capacitor of known value. Re¬ 
sistor R is adjusted to give a con- 

no. 2—CIteiilt in wbleli tanpsdoaen of Iho 
coU I If dotonalaod. At ptopor valno of 
B, tho 4S«dog doflootlott wUl bo toemfod. 

Thoa A«»S 
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FIG. 4-A—^V«ctor diagram oi th« situation 
occurring in Fig. 4 


venient vertical deflection. The os¬ 
cillator is started at its lowest 
frequency and gradually advanced 
until the Lissajous ellipse closes into 
a straight line as in Fig. 6 denoting 
zero phase shift between E,,- and E/,. 
This will be the fundamental reson¬ 
ant frequency of the LC cintuit. The 
apparent inductance L may readily 
be determined by reference to any 
standard impedance chart and is that 
value of inductance having a re¬ 
actance equal to C at the resonant 
frequency. A more accurate deter¬ 
mination is given by the simple 
equation 



C 


Where / is the resonant frequency, 
L is in milljhenries and C is in micro¬ 
farads. 

It should be noted that at the bal¬ 
ance position shown in Fig. 6, the 
horizontal deflection is at a mini¬ 
mum. This is so because at resonant 
frequency the reactance of a series 
resonant circuit is zero and the vol¬ 
tage drop (iS'jt) is solely due to ef¬ 
fective resistance. Figure 6-A is a 
vector diagram for the condition of 
Fig. 6; Er and E,, are equal and 180 
deg. out of phase; B is the phase or 
power factor angle of the coil; E,.n is 
the drop due to effective resistance of 
the coil and is seen to be identical 
to 

It should be noted that the magni¬ 
tude of El and E^ may vary through 
wide extremes with respect to the 
driving voltage, depending upon the 



FIG. 4—Appooranca of troco when the 
coil has appreciable resistance 


effective resi.stance in the LC circuit. 

Effective Resistance. Referring 
to Fig. 6, the amount of horizontal 
deflection h, as stated, is due to the 
voltage drop across the effective re¬ 
sistance of the coil at resonant fre¬ 
el uency. (Condenser losses may be 
neglected throughout the audio and 
lower radio frequency range.) To 
measure this directly it is only neces¬ 
sary to readjust R until the vertical 
deflection again equals the horizon¬ 
tal deliection, at which position R is 
eeiual to the effective resistance of L 
at the frequency at which the mea¬ 
surement is made. For coils having 
a fairly high Q, the effective resist¬ 
ance may be quite small and to get 
a reasonably accurate measurement 
the output voltage of the oscillator 
should be increased to expand the 
pattern. 

Inductance Measurement by Par¬ 


allel Resonance. Where the induc¬ 
tances under investigation have a 
very high Q, the exact resonant fre¬ 
quency may more easily be deter¬ 
mined by connecting capacitor C in 
parallel with the inductance. The 
operating technique is the same, the 
difference being that at resonance 
the voltage across the LC circuit is 
at a maximum and the cathode trace 
is substantially more sensitive to 
frequency shift, thus making it eas¬ 
ier to set the oscillator at the exact 
resonant frequency. 

When using the shunt resonance 
method it should be borne in mind 
that the distributed capacitance of 
the coil will be, in effect, added to 
that of the tuning condenser and 
the indicated inductance will be 
higher than the true value. For this 
reason coils having a high distrib¬ 
uted capacitance should preferably 
be measured by series resonance. 
The coil of Fig. 3, for example, which 
was a 4000-turn layer wound sole¬ 
noid, measured 150 millihenries by 
series resonance and 165 millihenries 
by shunt resonance. The tuning ca¬ 
pacitance was 1.0 microfarad and the 
resonant frequencies 410 and 404 
cycles respectively. 

Determination of Q. Having es¬ 
tablished inductance and effective 
resistance of a coil by the foregoing 
methods, the figure of merit or Q is 
readily determined by the familiar 
equation: „ ,, 

Q - (6) 

It should be mentioned that the 
output impedance of the driving os- 


FIG. 5—^BMonanca mathoda of meoturing inductance ol a coll 
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cillator should be high with respect 
to that of the coil under test at the 
resonant frequency, otherwise the 
LC circuit will tend to generate har¬ 
monics. It will not then be possible 
to close the pattern which will as¬ 
sume an irregular configuration, the 
exact shape being a function of the 
order and amplitudes of the har¬ 
monics. For example, Fig. 8 illus¬ 
trates the pattern obtained with an 
oscillator output impedance of 250 
ohms as compared to the pattern of 
Fig. 6 obtained with an output im- 



FIG. 6—Using the circuit of Fig. 5, 
cqpplied frequency is increased until this 
pottem appears. This will indicate the 
iundamental resonant frequency of the coil 


FIG. 6-A—^Vector diogram for the condition 
of Fig. 6 


pedance of 5000 ohms. The coil 
under test in this case had an output 
impedance of 240 ohms at the reso¬ 
nant frequency. Harmonics may 
also be excited by the application of 
too high a voltage. 

Distributed Capacitance. The dis¬ 
tributed capacitance of a coil may be 
measured by locating its resonant 
frequency from the circuit of Fig. 2 
although, as Terman,* points out. 
the value obtained in this way will be 
somewhat smaller than the true 
value. The results are however 
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usually accurate enough for most en¬ 
gineering applications. 

(5(my 

Distributed Capacitance Cp*-— 

where Cp is in microfarads, and L 
is in millihenries as measured by the 
series-resonant method. 

It has been the writer’s experience 
at this Laboratory that once the 
fundamental theory of the foregoing 
technique has been thoroughly 
grasped, the setup time and operat¬ 
ing procedure compare favorably 
with conventional impedance bridge 
measurements. We frequently use 
these methods in preference to a 
bridge, particularly where it is de¬ 
sired to study the progressive effect 
on the characteristics of a coil of 
changing frequency and/or influences 
in its magnetic field. One investiga¬ 
tion in particular involved a study of 
the behavior of layer-wound sole¬ 
noid coils with plunger cores of dif¬ 
ferent materials and configuration 
and in one case where the magnetic 
plunger was shielded by a nonmag¬ 
netic sleeve of conducting material. 
Wave filter elements and other reson¬ 
ant circuits are likewise readily 
tuned to the desired frequency by 
this method. 
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Crystal Rectifiers 

Recent developments in the manufacture of germanium and silicon crystals have provided 
a new, eifficient rectifying device, necessary for radar and of increasing usefulness in commer¬ 
cial microwave applic^ations 

By W. E. STEPHENS 


T he demands of microwave radar 
necessitated the development of 
more than thirteen different types of 
crystal rectifiers which were pro¬ 
duced by the million. Basic improve¬ 
ments in stability and performance 
may enable the crystal to displace 
the diode tube in many applications, 
particularly because of its effective¬ 
ness at high frequencies. Even at 
low frequencies, certain kinds of 
crystals may prove more stable, have 
less weight and take up less space 
than a diode and filament trans¬ 
former. 

What o Crystal RactlHar Is 

A modern crystal rectifier consists 
of a small-area contact between a 
metal like tungsten and a suitable 
semiconductor such as galena, ger¬ 
manium, or silicon. Many names 
have been used to describe these 
rectihera, such as silicon-crystal 
rectifier, dry-point contact rectifier, 
barrier-layer rectifier, point-contact 
semiconductor rectifier, converter 
crystal, mixer crystal, video crystal, 
and detector crystal. These differ 
from copper-oxide and selenium rec¬ 
tifiers in having a small contact area 
and usually a smaller power-handling 
capacity. On the other hand, their 
reduced capacitance makes them very 
useful at high frequencies. 

A typical crystal rectifier is shown 
diagrammatically in Fig. 1. The ce¬ 
ramic cartridge with brass ends 
holds the whisker and semiconductor 
in stable contact. The pointed 
whisker is soldered into the pin end 


Thlt work wa« done in part under contract 
OHlCar<a88 between the Trustees of the tJni< 
^rsi^ of PennsylTania and the Oflice of 


Besearch and Herelopment, which 
assumes no resMiislbUitjr for the accuimcr 
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and the semiconductor, soldered on 
the end of a stub, is pushed in from 
the other end till the contact is made. 
The whisker spring is compressed 
slightly and the stub locked by a set 
screw. The cavity is then filled with 
wax to make the contact moisture- 
proof. 

Somleonducter Froporfios 

Although the contact area is crit¬ 
ical, probably the most important 
part of the rectifier is the semicon¬ 
ductor. Semiconductors are materials 
having a high electrical resistance, 
between that of metals and insulat¬ 
ors, usually with a temperature co¬ 
efficient of resistance different from 
that of metals. Semiconductors are 
much more sensitive to small 
amounts of impurities or imperfec¬ 
tions in the crystal lattice than 
metals. 

The addition of a fraction of a 
percent of certain other elements 
will lower the resistance of some 
semiconductors to that of poor 
metals. In this condition, good recti¬ 
fication can often be obtained by 
making small-area contact to the 
surface of the semiconductor with a 
suitable metal. It is thought that the 
difference in work function between 
the metal and semiconductor pro¬ 
duces a potential barrier to the flow 
of electrons. This barrier drops 
slowly on the semiconductor side 
owing to the space charge effect of 
the unneutralized impurity ions 
present in the semiconductor, and 
practically stops the flow of electrons 
from the metal to the semiconductor 
under any cpnditions. However, the 
electrons can flow from the semi¬ 
conductor if the electronic potential 
of the semiconductor is raised 
enough to allow the electrons to pass 
over the barrier. This also requires 
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Fig. 1—CroM-iection of a typical crystal 
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that appreciable voltage drop occur 
at the semiconductor contact, which 
is achieved by making the contact 
area small and producing a spread¬ 
ing resistance in the semiconductor. 
Consequently, the barrier will allow 
current to pass in one direction and 
not in the other, as shown in Fig. 2. 
Similar effects occur at the back sur¬ 
face of the silicon. For good rectifi¬ 
cation, the contact area at the back 
surface must be large in order to 
eliminate any spreading resistance 
over which a potential drop can 
occur. This approximate description 
of the rectifying action indicates 
that a major part of the art of crys¬ 
tal rectifier production lies in the 
preparation of the semiconductor 
and its surface. Two typical curves 
of the current-voltage characteristic 
at low frequency for a properly pre¬ 
pared crystal are shown in Fig. 8. 
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The primary attribute of the crys¬ 
tal rectifier which makes its use for 
microwave radar imperative is the 
small area of the region where recti¬ 
fication occurs. Very probably this 
region is smaller than 10 * cm in 
thickness. Consequently, the time 
for electrons to cross this film will be 
small enough to eliminate transit- 
time effects, even at microwave fre¬ 
quencies. Furthermore, since these 
crystals have small capacitance in 
the contact, their rectifying proper¬ 
ties are little affected by frequencies 
up to several megacycles. 

So far there have been three main 
uses for crystal rectifiers—as de¬ 
tectors of microwaves, as mixers or 
converters of microwaves, and as 
higher-voltage low-frequency diodes. 
This classification is not profound, 
but serves to illustrate the different 
electrical characteristics required of 
the crystal types developed for these 
purposes. 

As a detector, the crystal is con¬ 
nected between the receiving antenna 
and ground across the input to the 
video amplifier. Used in this fashion, 
microwave powers of the order of 
10 " watt picked up by the antenna 
can be detected. When smaller 
amounts of power are to be received, 
a local oscillator, usually producing 
0.7 volt at 30 or 60 me from the 
signal, is connected to the crystal. 
Then the two signals are mixed by 
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the crystal and the converted inter¬ 
mediate frequency fed into the i-f 
amplifier. Used in this fashion, 
microwave signals as small as 10"^ 
watt can often be detected. 

Crystals are also used at frequen¬ 
cies lower than those corresponding 
to microwaves. As a second detector, 
the crystal converts the intermediate 
frequency of 30 me into d-c. This 
service requires crystals which will 
stand higher voltages than the nor¬ 
mal limit of 1 or 2 volts. Other low- 
frequency uses include d-c restorers 
and voltmeter rectifiers. 

Pr«parafieii of Crytfols 

Most present-day crystals are 
made from silicon which is initially 
prepared in a very pure form by 
crystallization at a high temperature 
from silicon tetrachloride. The re¬ 
sulting needles are melted in a quartz 
crucible in a good vacuum (10 “ mm 
Hg) at about 1,500 C with a small 
amount of the desired impurity 
added to the melt, as indicated in 
Table I. After slowly cooling from 
the bottom the melt is cracked loose 
from the crucible and sawed into 
slabs about 1 mm thick. Both sides 
of the slab are rough-ground flat. 
One side is finished with fine carbo¬ 
rundum and then polished with No. 
000 emery paper to a mirror-like 
surface. The slab is then heated to 
about 1,050 C in air for several 
hours until a blue color appears, in¬ 
dicating the formation of a thin 
oxide layer. The unpolished side of 
the slab is next electroplated with 
nickel. The slab is broken or sawed 
into small pieces about 2 mm square. 
These small pieces are then soldered 
onto the brass stub (see Fig. 1), 
trimmed, and the oxide washed off 
the polished surface with hydro¬ 
fluoric acid. The semiconductor is 
then ready for assembly. 

Tsaqtfta Cofwhither 

The whisker is usually made from 
pure annealed tungsten wire of di¬ 
ameters up to 10 mils. The desired 
lengths are plated at one end with 
gold or other material suitable for 
soldering. The wire is next soldered 
into the pin and formed in the cor¬ 
rect shape by a crimper. The point is 


sharpened by electrolytic polishing 
or by grinding on an Arkansas stone 
to a smooth cone of about 60 deg 
included angle. The whisker and 
silicon are then assembled in the 
cartridge. The set screw is tightened 
somewhat and the stub pushed in till 
the whisker makes contact with the 
semiconductor surface. This position 
is detected by continuously measur¬ 
ing the resistance between the ends 
of the crystal or watching the cur- 
rent-voltage curve on an oscilloscope. 
The stub is pushed in about a mil 
farther to compress the crimped 
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wire and make firm contact. The 
cartridgfe is usually tapped to stabil¬ 
ize the contact. Then the cavity in 
the ceramic body is vacuum impreg¬ 
nated at elevated temperature with a 
mixture such as opal wax and para- 
tac. Sometimes the hole is plugged 
up with alundum cement. The crystal 
cartridge is tested, labeled, and then 
packed in a metallic shield to protect 
it from picking up electric charges 
which might injure it. Care must 
always be taken in handling a crystal 
to avoid any appreciable discharge 
through it. 

In describing the electrical char¬ 
acteristics of crystals we shall refer 
mainly to rectifiers made from sili¬ 
con doped with aluminum and/or 
boron and prepared as described 
above. Other techniques and mate¬ 
rials can be used, but most crystals 
are at present made in this fashion. 

The d-c rectification curve in Fig. 
3 shows that the difference between 
the resistance in the front and back 
direction is a measure of ability to 
rectify, and the back-to-front ratio 
was an early criterion of a good 
rectifier. The ratio of back resistance 
at 1 V to the front resistance at 0.3 v 
is greater than ten to one for a good 
crystal. The rectification curve can 
be well approximated by a simple 
formula with two constants: 

where i is the instantaneous current 
and V the instantaneous voltage 
across the contact, ii and « being 
constants. The value of a varies 
from 2 to 20 volts”* in ordinary crys¬ 
tals although it has been observed 
larger; u is of the order of milli- 
amperes, but varies from crystal to 
crystal. 


Figure 4 shows typical approxi¬ 
mations compared to a typical ob¬ 
served current-voltage curve. At low 
frequencies the rectification depends 
primarily on a. Actually, for appre¬ 
ciable current carried in the forward 
direction the applied voltage does 
not all appear across the contact. A 
voltage drop occurs across ’ the 
spreading resistance owing to the 
small size of the contact to the semi¬ 
conductor (this is evident from Fig. 
3), and the fact that the semicon¬ 
ductors do not have as high a con¬ 
ductivity as metals. This spreading 
resistance Rh varies from 5 to 100 
ohms depending on the diameter of 
the whisker and, consequently, neces¬ 
sitates a correction — iRu) 

to the voltage across the contact. 
The slope of the current-voltage 
curve at zero bias is the low-level or 
video resistance and varies from 
several thousand to fifty thousand 
ohms. 

Tamparotwre Voriofioni 

These resistances vary appreciably 
with temperature. In fact, the low- 
level or zero-bias resistance varies 
exponentially with the reciprocal of 
the temperature. This variation is 
essentially the same as that of a 
thermistor. This is because of the 
change with temperature of io which 
can be expressed as where *!> 

is an effective barrier height in elec¬ 
tron volts and kT is the thermal 
energy in electron volts. (At room 
temperature kT is 1/40 e-v). The 
value of is usually between 0.1 and 
0.4 e-v and fc = 8.6 x 10 * e-v per 
degree Kelvin. 

The curve in Fig. 5A shows the 
calculated variation of the low-level 
or zero-bias resistance with tempera¬ 
ture of a typical crystal. The only 
practical way found so far to reduce 
this variation is to control the crys¬ 
tal temperature. A reduction in 4> 
which will reduce the temperature 
coefficient of resistance also de¬ 
creases the sensitivity of the crystal 
as a detector. 

The front and back resistances 
and spreading resistance do not vary 
as rapidly with temperature as the 
low-level resistance. Typical varia¬ 
tions of front and back resistance 


are -f 20 percent at —20 C and —40 
percent at -f70 C from the room 
temperature value 22 C. 

Square-law rectification is to be 
expected of any rectifier as long as 
the voltage swing is limited to the 
region where departure from linear¬ 
ity of the characteristic curve is 
small. Most crystals show square- 
law rectification up to powers of the 
order of several microwatts or volt¬ 
ages of the order of 0.1 v. Below 
this level, the short-circuit rectified 
current ia-e is directly proportional 
to the input a-c power, in the rela- 


where S (Fig. 5B) is the sensitivity. 
This low-frequency sensitivity is 
greater than 2 for good crystals. 
Actually, at low frequencies, S should 
be one-half of a. 

As the power level is increased 
above microwatts, the rectified cur¬ 
rent becomes more nearly propor¬ 
tional to the square root of the input 
power. If the load resistance is not 
small, the crystal will bias itself and 
reduce the rectification. As rectified 
currents of milliamperes are reached, 
the voltages increase to the order of 
whole volts and the resistance in the 
back direction may start decreasing. 
This puts a limit on the amount of 
input power which can be used with¬ 
out saturation of rectification. Fur- 
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ther increase of voltage may damage 
the crystal. In fact, voltages of the 
order of 4 v or rectified currents of 
greater than 30 ma will damage the 
more sensitive types of crystals. 

Hlgb-laek-Veltag# Crystolt 

When certain impurities are 
added, both germanium and silicon 
have been found toywithstand large 
voltages in the back direction. A 
typical curve is shown in Fig. 6. In 
general, hbv germanium gives much 
better back-to-front ratios than have 
been found so far with hbv silicon. 
Consequently, most high back volt¬ 
age crystals are at present made 
from germanium. Silicon, on the 
other hand, shows promise for tem¬ 
perature-insensitive and frequency- 
insensitive high^back-voltage crys¬ 


tals. Silicon has much better rectify¬ 
ing properties at microwaves and 
less variation of back resistance and 
peak back voltage with temperature 
than most hbv germanium. A typical 
variation of peak back voltage with 
temperature is shown in Fig. 7. The 
variation of back current with tem¬ 
perature is shown in Fig. 8. 

These hbv crystals are in many 
cases better for rectifiers than diodes 
such as the type 6H6. For several 
volts of 60-cps input, hbv crystals 
give more rectified current than a 


6H6 with both plates in parallel. The 
change in rectified current as the 
frequency is increased to 30 me is 
shown in Fig. 9A. The variation of 
rectified current with temperature is 
shown in Fig. 9B. Germanium hbv 
crystals still in development have 
better low-level rectification and give 
larger currents in the forward direc¬ 
tion. 

Nek# 

By careful control of manufacture, 
the noise generated by crystals has 
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been greatly reduced. In many cases, 
the i-f noise observed from a crystal 
used as a mixer is no more* than 
that experienced from a resistance 
of equivalent magnitude. However, 
crystals often give more noise than 
would be expected from thermal agi¬ 
tation and shot effect. This has been 
designated extra noise, and is ob¬ 
served when either d-c or r-f voltage 
is imposed on the crystal. 

The spectrum of this extra noise 
is not uniform in the manner of 
thermal agitation. Much more low- 

According to Wavelength Used 


frequency noise is observed than that 
at high frequencies, varying in¬ 
versely with frequency from 50 cps 
to 1 me, when it tapers off and ap¬ 
proaches thermal agitation noise. 
Consequently, at an i-f of SO me the 
noise is not bothersome, whereas for 
i-f values in the audio range the 
extra noise from the crystal is very 
large. 

Hl9h-PreqMBey Op«ratioii 

At high frequencies, the capaci¬ 
tance across the blocking layer (bar- 


High-Back-Voltage Crystals 


El more Uian S v 
Et more than 0.10 v 

Et more than IS mv 
Va more than 50 v 


Es more than 1.5 mv 
Ra more than 0.1 meg 
(- Iv) 

V a more than 50 v 
Rat more than 2,000 
ohms 


Et more than 15 mv 
Ra more than 0.06 meg 
(“50 V) 

More than 0.25 meg (— 5 v) 
Ip more than 5 ma (+ 1 v) 
Rm more than 2,000 ohms 
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cm 




Medium high 
burnout 
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Lit less than 8.0 db 
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Bt 

1N27 
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IN32* 
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1N33 

Greater than 30 but 
less than 140 

2,000 to 10,000 ohms 
2.5 w d-c 

3 

M 

Ri^t 

1N30 

Greater than 55 

7,000 to 21,000 ohms 

1N31* 

Coax-shielded 
cartridge 
Greater than 55 

6,000 to 23,000 ohms 
0.02 w d-c 

Ml figure of merit 
Ri.ti d-c resistance at 
4- 5 mv 


Crystal diode pigtail cartridge 


1N34 

Vr less than 10 v 
Ip less than 5 ma (+ 1 v) 

Ra less than 0.025 meg (- 50 v) 
Ra less than 0.2 meg (— 10 v) 
Valess than 50 v 


Instrument Rectifier 


1N22 

Sylvania W. £. 

Ra more than 2,000 ohms L less than 10 db 
Rp less than 50 ohms I less than 6 x 
Jm more than 0.45 ma /it more than 0.4 ma 
/i more than 0.4 ma 

0.3 erg B, 0.3 erg 


El :d-c output voltage with 
24.7 V peak 30-mo input 
Et :a-c output voltage with 
24.7 V peak 30-mc modu¬ 
lated 0.92 V peak as in|>ut 
Et : d-c output vdta^ with 
0.5 V peak 30-mc input 
Vt :d-c voltage at the output 
with 30 V rms 60-cps input; 
(the capacitor is omitted 
and the load resbtanoe is 
500 instead of 1,000 ohms) 
V a : peak back volta^ the crys¬ 
tal is required to stand 
Ra : static d-o resistance at the 
back voltage indicated 
Rm : impedance at 30 me 
Ip : d-c in the forward direction 
at the voltage indicated 



Fig. 9—^Rectiiled d-c from o hlgh-bcKk-vell- 
ags silicon crystoi os o function of Input 
voltogo OB offoctod by froquency (A) ond 
tomporoturo (B) 
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rier) becomes important because it 
can bypass the barrier if its impe¬ 
dance becomes less than the resist¬ 
ance of the barrier, as indicated in 
Fig. 10. This happens first in the 
back direction and reduces the back- 
to-front ratio. The high-level recti¬ 
fication efiOciency is then measured 
by the ratio of the back resistance 
(shunted by the capacitance) to the 
front resistance. This begins to de¬ 
crease when l/mC becomes less than 
Ra> The value of C has been meas¬ 
ured at about 0.2 /ifif so that l/<oC 
becomes less than 1,000 ohms at a 
frequency of 1,000 me. 

Figure 11 shows the decrease in 
rectification efficiency with decrease 
of wavelength (increase in fre¬ 
quency) for two early crystals. The 
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crystal with the larger capacitance 
shows a faster drop in rectification 
efficiency. Newer crystals have better 
rectification efficiencies than are 
shown in these examples. 

A corresponding decrease in effi¬ 
ciency occurs in mixer performance 
and low-level detection. In general, 
the lower the contact capacitance, 
the better the high-frequency per¬ 
formance. Consequently, except for 
problems of r-f and i-f match, a 
crystal good at high frequency is 
also good at lower frequencies. 

Low-level sensitivity drops even 
faster with increasing frequency 
than mixer performance or rectifica¬ 
tion efficiency. Whereas rectification 
efficiency might be expected to vary 
roughly as 1/(1-f-R»<i>C), low-level 
sensitivity should drop as 

1/(1 -f- 

Actually, in many cases, crystal per¬ 
formance does not decrease as fast 
as expected with frequency. 

The stability of present-day crys¬ 
tals is well displayed by the mechan¬ 
ical, electrical, and exposure testa 
which production samples are re¬ 
quired to stand. 

The mechanical design test in¬ 
volves dropping the crystal three 
times from a height of 80 in. onto a 
wood block, twisting the crystal ends 
with a torque of 1.5 in.-lb so as to 
unscrew the parts, and applying a 
force of one pound to the tip of the 
crystal at right angles to the axis of 
the crystal while the head is clamped. 
A crystal must withstand immersion 
in warm water for fifteen minutes, 
in room-temperature water for fif¬ 
teen minutes, and several cycles of 
heating and cooling between TOC and 
—40 C. The electrical burnout tests 
are described below. After being sub¬ 
jected to all of these tests the 
performance of 80 percent of the 
samples is required to be within 
specified limits, but 90 percent of 
the samples must be within the limits 
after any single design test 

There are two t 3 rpes of burnout 
tests intended only to indicate rough 
difiTerences in ability to withstand 
overloading and to ensure production 
quality. The first consists in dis- • 
charging a charged concentric line 
through the crystal. By this means, 


a pulse of approximately three micro¬ 
seconds width is sent through the 
crystal. This time is determined by 
the length of the line and is chosen to 


be shorter than the time constant for 
heat dissipation of the crystal con¬ 
tact. The energy contained in this 
pulse is determined by the capaci- 
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and hand 
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in me 
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in 
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1N27 

For pulse 
discrimi¬ 
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3,295 

Rad. Lab. 
drawing 
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5 

60 
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use 30 

10 cm 

IN21 
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loss at 
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1N30 

Original 

3 
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TPX— 

56GM 
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5 

55 

7,000 to 
21,000 

Proof test 

0.3 erg 

1N31 

Improved 

stability 

3 

9,375 

Rad. Lab. 
drawing 
B7389 
fixed tune 

5 

55 

6,000 to 
23,000 

Design 
test 0.02 w 
d-c 1-Aisec 
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IN32 

Improved 

sensitivity 

10 

3,295 

Rad. Lab. 
drawing 
B7389 fixed 
tune 

5 

100 
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Design 
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d-c l-Aisec 
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1N33 

Improved 
burnout 10 
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Hazel tine 
fixed tune 

5 
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Design 
test 2.3 w 
d-c l-;jsec 
pulse 
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D17X.S61 

2nd de¬ 
tector 

30 me 

0.5 V 
peak 
30 roc 

15 mv 
d-c 

24.7v 
peak 
30 me 

5 V 
d-c 

0.92 V 
peak 

60 cps 
modu¬ 
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tance of the line and the voltage to when the contact is made for the dis- 

which it is charged. If the voltage charge which simulates the spike 

is very high, some dissipation of the which gets through the transmit- 

pulse energy seems to be experienced receive gas tube before it breaks 



down to protect the crystal from the 
transmitted radar pulse. 

Another method of testing crystals 
for burnout consists in exposing the 
crystal to a d-c pulse of about one- 
microsecond width, obtained by dis¬ 
charging an artificial line through a 
thyratron into the crystal. A circuit 
for accomplishing this is shown in 
Fig. 12. Only a rough correlation ex¬ 
ists between these methods of testing 
crystals for burnout because multiple 
pulses have more effect than single 
pulses and the method is less erratic. 
The match of the crystal to the puls¬ 
ing circuit is important for reliable 
testing and in actual radar practice 
additional protection can often be 
afforded by r-f mismatch in the 
holder to overload pulses. Design 
tests which are given to samples of 
production crystals are also usually 
more stringent than the proof tests 
which are applied to every crystal 
produced. 

Cryftal Types 

Table II shows the present crystal 
types grouped in horizontal rows ac¬ 
cording to the wavelength band for 
which they are recommended. The 
grouping in vertical columns is ac¬ 
cording to use, sensitivity, and burn¬ 
out. Mixer crystals are for use with 
local oscillators, whereas video crys¬ 
tals are for detector use. Table III 
gives test specifications. 

The characteristics listed in the 
tables are further defined below. L 
is the loss in db of the crystal used 
as mixer. 

L = 10 /ogjo I where I is the ratio 
of r-f signal power input to i-f power 
output. A perfect diode might be ex¬ 
pected to have an efficiency of 60 per¬ 
cent (/ = 2) or L = 8 db. 

The noise temperature t of the 
crystal is the ratio of the average of 
the square of the noise voltage pro¬ 
duced by the crystal to the thermal 
agitation or Johnson noise voltage 
squared of a resistance equal to the 
i-f impedance of the crystal. 

V\ _ V\ 

“ n ” RWllA X 10-») 
where R is the i-f impedance and W 
is the integrated bandwidth of the 
mixer and amplifier, V* is the crystal 
noise, and Vr the noise voltage from 
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an equivalent resiatance. The value 
of t is usually griven as a ratio, and 
appears in the tables as t = 2:e where 
X indicates it is a ratio; a crystal 
would be considered perfect if t were 
equal to unity. 

An overall criterion of perform¬ 
ance is NFr, the noise figure of the 
receiver, which gives the ratio of the 
average of the output noise voltage 
squared to the output signal voltage 
squared when the input signal power 
is just equal to the thermal agitation 
noise power 


■* CUVSTM. 
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Fig. 13—Circuit usud for moosurlng socond 
dotoctor choroetorlstics 


where all the terms are ratios. As¬ 
suming the noise figure of the aver¬ 
age ampliher NFt.t = 2x (or 3 db),. 
then in db, NFr = 10 + 1)] 

where / and t are ratios. The best 
NFr of a perfect diode would be 
6 db for a 3-db receiver, with image 
matched. The noise figure in db of 
the crystal by itself (NF^) can be 
expressed as 

NFe = 10 log«,(e0 

where t and I are ratios. 

The video impedance Rg,, is meas-* 
ured at 6 mv in the forward direc* 
tion. M is the figure of merit of a 
crystal as used for the input to a 
video amplifier. It is a measure of 
the output signal voltage Vo to the 
output thermal agitation noise volt¬ 
age V.v (background). 


Vo _ _ Pi Rd^ __ 

' ylW 1.26 X \0r»bylRZ7T~r “ 
PjM 

1.26 X 10-»*VW 

where M = -f r) i = SP 

(input r-f), Pt is r-f input power, 
and r is a fictitious series resistance 
of the grid of a first tube which 
would give a noise equivalent to the 
amplifier noise. An 8 equal to one is 
desirable and r is of the order of 
1,200 ohms. 

B, and Bg are the proof and design 
burnout test required for the crystal. 
The number of ergs given is the 
energy in a spike or pulse of roughly 
3 microseconds duration from a 
Torrey concentric line pulser used to 
proof test each crystal. The power 
in watts is the peak available (or 
matched) power in r-f or d-c micro¬ 
second pulses. 





D-C AMPLIFIERS 


Survey of D-C Amplifiers 


Analysis of causes of drift in direct-current ampli¬ 
fiers, descriptions of methods used to neutralize or 
prevent drift, and typical industrial applications 


T he quest for a stable d-c ampli¬ 
fier is an old one, and will prob¬ 
ably continue as long as tube char¬ 
acteristics wander with changes in 
voltage and temperature. A rapidly 
expanding literature on the subject 
gives evidence that considerable 
progress has been made in over¬ 
coming drifts and instabilities 
usually associated with d-c ampli¬ 
fiers. As their advantages in cer¬ 
tain applications become more ap¬ 
parent, still further progress is to 
be expected. 

CoHMB of Drift 

There are three primary causes 
of zero or steady-state drift in the 
usual d-c amplifier circuit. The first 
of these, and the one easiest to 
eliminate, is drift due to changes 
in the plate supply voltage. This 
can be balanced out by either of two 
methods: by complete regulation of 
the B supply, or by devising a tube 
circuit in which the plate current is 
exactly proportional to the B volt¬ 
age. Where regulation of the B 
supply is the method chosen it can 
usually be carried to as high an ac¬ 
curacy as needed, though this re¬ 
sults in a rather bulky unit. 

The second method is to be pre¬ 
ferred wherever possible, for it per¬ 
mits the use of an unregulated volt¬ 
age supply. It can be readily seen 
that when the plate current of a 
tube is exactly proportional to the 
B voltage, then the voltage devel- 


By MAURICE ARTZT 

oped between the plate of this tube 
and a proper tap on a B supply 
bleeder will remain zero as the 
B voltage varies. A bridge balance 
is thus substituted for an accurately 
regulated source of plate power. 

The other two causes of drift are 
directly related and result from 
changes in cathode temperature. 
The first of these—-contact poten¬ 
tial—is the most troublesome, and 
has an effect similar to a change in 
grid bias as cathode temperature 
changes. This same change in cath¬ 
ode temperature will also cause the 
equivalent plate impedance of the 
tube to vary. But these two charac¬ 
teristics do not change by a defi¬ 
nitely fixed amount with cathode 
temperature. They both have ra¬ 
ther large components interrelated 
with plate current and plate volt¬ 
age. 

Where the tube is used only in 
the center of its linear range, and 
excursions in plate current due to 
signals are small, then the R, of 
the tube can be considered constant 
and the effect of these two variables 
lumped and treated as a shift in 
grid bias with cathode temperature. 
Where the operating conditions are 
not so limited, both must be consid¬ 
ered. This is readily seen in the 
voltage-current equations of a tube. 

It is usual to express the voltage- 
current equation of a tube as fol¬ 
lows 


For a limited operating range in 
the linear portion of the tube 
curves, the exponent n can be con¬ 
sidered to be unity, and can be 
considered as the slope of the E^/i, 
curve at this point. This is usually 
written then as 

Ep "" ipRp — ftEg ( 2 ) 

The contact potential drift can then 
be added as a voltage varying 
with filament voltage, to give the 
expression 

Ep ■■ ipRp — fiEg 4* mF/ (8) 

This equation can be used over a 
limited range in deriving the ex¬ 
pression for overall performance of 
an amplifier, and will give a reason¬ 
ably accurate indication of the drift 
to be expected as Vf changes. It is 
BO used in deriving the balance con¬ 
ditions and gain equations for a 
number of the d-c amplifier systems 
described later. 

That £q. (3) cannot possibly 
hold over any large range of volt¬ 
age variations is shown by the tube 
curves in Fig. 1. This set of curves 
was taken on one of the triodes in 
a 6SN7GT/G tube of average 
The curves are definitely moved to 
the left in the linear range by an 
increase in filament voltage, and 
this gives some weight to the use of 
the contact potential drift voltage 
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in Volts 


FIG, 1—Effect of filament voltage on 

charocteristicf of a 6SN7GT/G tube 

Vf assumed in Eq. (3). But account 
is not taken of the fact that the 
slope of the curves also changes, 
for apparently has decreased as 
Ef was increased. What has actually 
happened in Eq. (1) for this change 
in filament voltage is that the ex¬ 
ponent n has changed, for the 
tangent point of intersection of the 
curves in Fig. 1 has not shifted ap¬ 
preciably. The two sets of curves 
become more nearly parallel at the 
higher values of /„ so Eq. (3) be¬ 
comes increasingly more accurate 
as /„ increases. 

From these tube curves and equa¬ 
tions it may be seen that while 
drifts due to B supply are a first- 
order effect, those due to cathode 
temperature are considerably more 
complicated, and greater care in de¬ 
sign is necessary for their elimina¬ 
tion. 

The four general classifications 
of d-c amplifiers are (a) simple 
cascaded amplifiers, (b) modula¬ 
tion systems, (c) compensated d-c 
amplifiers, and (d) bridge-balanced 
d-c amplifiers. Each type will be 
briefly described in turn here. 

Simple Coteoded Amplifier 

In the simple cascaded amplifier, 
succeeding stages are usually 
stepped up a B supply bleeder, or 
coupled with a potentiometer di¬ 
vider with consequent loss in gain. 
These are illustrated in Fig. 2(a) 
and 2(b) and, supplied with unreg¬ 
ulated voltages, are notorious for 
drift. They are seldom used with¬ 
out some form of correcting or com¬ 
pensating system. 

One form of drift control can be 


obtained by adding 100-percent de¬ 
generative feedback to obtain a 
current amplifier with unity volt¬ 
age g''.in. This circuit is so applied 
in a commercial sensitive microam¬ 
meter.* 

The circuit in Fig. 2(b) has been 
used in various ways with feedback^ 
and with correction for the loss in 
voltage gain,®* ^ but in either case 
careful regulation of plate and fila¬ 
ment-supplies is required to elimin¬ 
ate drift. 

ModalofioN Syttami 

While modulation systems are 
not strictly d-c amplifiers, they are 
so used in many applications and 
have considerable merit. In this 
type the d-c signal to be amplified 
modulates a carrier wave, and after 


sufficient amplification the wave is 
detected to obtain the amplified sig¬ 
nal. Such systems are well known 
and the literature is fairly com¬ 
plete.®’ •* ’ 

Where the required frequency 
response is very high, these sys¬ 
tems become awkward because the 
high carrier frequency requires 
elaborate shielding. It is therefore 
more limited in its applications 
than the two types that follow. 

In a modified form, the input sig¬ 
nal itself is chopped. This can be 
done by a light shutter for photo¬ 
tube amplifiers, or by vibrators or 
tubes for other types of signals.^ 

In compensated d-c amplifiers 
some variable characteristic of the 
amplifying tube is balanced against 
the same variations in another tube. 
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FIG. 3—Choractsrlitle of oothodo-com- 
ponsotod d*c ompllllor c&rcuil ■hown in 
Fig. 2 (c) 


or against a different characteristic 
of the same tube. This system com¬ 
pensates for contact potential drift 
in the cathode-coupled amplifier 
system, as illustrated in Fig. 
2(c).“’“ When used with an 
accurately regulated power source 
a stable system results. 

CompoRiafod D-C AmpIMIort 

This cathode-compensated ampli¬ 
fier can be considerably improved 
and still greater freedom from drift 
obtained if the input voltage in¬ 
cludes a tap on the B supply bleeder 
at the value of Eb/i^ as shown in 
Fig. 2(f). This addition makes the 
zero-signal output current directly 
proportional to plate voltage. When 
the output is then returned to the 
proper point on the bleeder, the ef¬ 
fect of changing Eb is eliminated, 
and the plate supply need not be 
regulated. 

The drift characteristic of ampli¬ 
fiers of this type as compared to a 
conventional amplifier is shown in 
Fig. 8. The balance obtained is a 
tangential one, and holds over only 
a limited range of filament supply 
variation. For this reason, even 
with Em compensation as in Fig. 
2(f), only a limited supply voltage 
change can be allowed if resetting 
of the zero point is to be avoided. 

By a fortunate choice of con¬ 
stants this compensation for fila¬ 
ment and plate voltage can be ob¬ 
tained in the amplifying tube itself, 
as in the electrometer tube cir¬ 
cuits.*^ One form of this circuit 


is shown in Fig. 2(d). As this cir¬ 
cuit cannot be readily cascaded, it 
is chiefly of interest for use with a 
sensitive galvanometer. 

Compensation for changes in 
emission, w’hether due to heater 
voltage change or to a random ef¬ 
fect, can be obtained in a pentagrid 
type of tube as shown in Fig. 2(e)’*. 
Here the value of Ri is adjusted to 
make grids 1 and 4 have equal but 
opposite transconductance to the 
plate, and the compensation there¬ 
fore includes all circuit elements 
common to both grids, but does not 
include the plate supply. In this 
circuit, as in the cathode-compen¬ 
sated circuits, with the two control 
grids having equal but opposite ef¬ 
fects on the plate current, signals 
can be applied to either grid, or to 


both at the same time to obtain a 
differential amplifier. If grid 4 in 
Fig. 2(e) is returned to a tap on a 
bleeder across the plate supply, cor¬ 
rection for changes in En will be 
obtained in a manner similar to 
that applied to the circuit in Fig. 
2(f). 

While this brief resume of com¬ 
pensating systems is not complete, 
it includes the better known meth¬ 
ods and will serve to illustrate how 
compensation for filament supply 
can be obtained, and show that com¬ 
pensation for plate supply can 
usually be added for increased sta¬ 
bility. 

A distinction is made between 
compensated and bridge-balanced 
d-c amplifiers, for in bridge-bal¬ 
anced circuits all variables in the 
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changes, it has been found experi¬ 
mentally that such a balance is no 
more difficult to obtain than the 
balance for contact potential alone 
aa used in the compensated circuits, 

iridgo-Soloncod D*C AnpINIorf 

The advantages of this type of 
balance are that regulation of plate 
and filament supplies becomes un¬ 
necessary except where extreme 
precision is required, and the bal¬ 
ance holds for any part of the tube 
curves. Operation becomes less 
critical and more consistent. 

The conventional type of bal* 
anced d-c amplifier is shown in 
Fig. 4(a). It is the equivalent of 
returning the output voltage to a 
bleeder in which the bleeder pro¬ 
portioning changes in the same 
manner as the amplifying tube. 
This type of amplifier will balance 
perfectly if the two tubes remain 
identical in characteristics as sup¬ 
ply voltages change. It is often 
used in tube voltmeter circuits.^ 

A modification of this circuit, in 
Fig. 4(b), is found in the well- 
known Volt-Ohmyst circuit for 
voltage and resistance measure¬ 
ments."* While having some of the 
features of the cathode-coupled cir¬ 
cuits, the main balance is still be¬ 
tween the two tubes in parallel, 
with the common coupling resistor 
Rt assisting in maintaining a con¬ 
stant zero position. 

Neither of these two circuits can 
be cascaded as shown, and both are 
most useful as meter amplifiers, 
etc. Where higher gain is required 


than one stage will give, the circuit 
in Fig. 4(a) can be modified to 
that in Fig. 4(c) to allow cascad¬ 
ing. The output then is returned 
to the B supply bleeder and addi¬ 
tional stages can be stepped up the 
bleeder in the usual manner. In 
this case the gain per stage has 
been cut in half from that of the 
circuit in Fig. 4(a), and the high- 
frequency response has been im¬ 
paired by the high value of series 
resistors R» that feed the out¬ 
put. For proper balance the cir¬ 
cuit requires that four pairs of re¬ 
sistors as well as the tubes remain 
constant and it will therefore have 
slightly more drift than the cir¬ 
cuit of Fig. 4(c) under similar 
conditions. 

These disadvantages in Fig. 4(c) 


can be eliminated and several im¬ 
portant advantages gained by shift¬ 
ing Tt and its cathode resistor 
over to replace the plate resistor for 
Tx as shown in Fig. 4(d) and 
4(e)."* Here the balance is no 
longer for tubes in parallel, but 
rather in series, and both pass the 
same plate current at the zero-sig¬ 
nal position. The balance for 
changes in Ea and is more 
nearly perfect than in Fig. 4(a), 
4(b), and 4(c). A differential 
change in contact potential between 
the two tubes will shift the zero 
position as in any other balanced 
arrangement, but with the same 
plate current in each tube this 
effect is much less pronounced than 
in the parallel systems. 

If the value of load resistor Ra 
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is low, somewhat higher amplifica¬ 
tion will be obtained with the cir¬ 
cuit in Fig. 4(d) than with the 
simplified version in Fig. 4(e). In 
Fig. 4(d) the load current flows 
through the cathode resistor of T» 
in a regenerative direction. How¬ 
ever, for all practical purposes, if a 
load resistor equal to or greater 
than the Rp of the tubes is used, 
there is little difference and the 
simpler arrangement of Fig. 4(e) 
with its fewer parts is preferred. 

In both Fig. 4(d) and 4(e) the 
cathode resistor of T, is usually 
made variable as a balance adjust¬ 
ment. The range of adjustment is 
purposely made small, =±:15 percent 
from the value of the cathode re¬ 
sistor of the upper tube. Under 
these conditions it has been found 
that if jRi can be set within this 
range so that JE*. = 0 with no in¬ 
put to the grid of T,, the two tubes 
are sufficiently well matched for all 
practical purposes, and hold this 
balance over very wide changes of 
filament and plate voltages. When 
properly balanced in this manner 
a sensitive voltmeter can be con¬ 
nected across Ep and will show no 
deflection even when the line volt¬ 
age supplying filament and plate 
power is switched off and on. 

A third arrangement of the se¬ 
ries-balanced system is shown in 
Fig. 4(f). Here the upper grid is re¬ 
turned to the bleeder instead of to 
the plate of Ti, and the voltage 
gain is reduced to slightly less than 
unity. This is useful as a current 
amplifier for meters, or as a driver 
phase inverter. The inverter 
stage obtains its plate power from 
the bleeder on a second d-c source 
of 120 volts, again unregulated 
and half-wave rectified. The input 
stage, employing 6SF5 tubes for 
Ti and Ta, draws plate power from 
the same low-voltage bleeder that 
feeds the phase inverter. This 
bleeder is 10,000 ohms and has 
fixed taps providing the voltages 
shown. No bypassing is used be¬ 
tween any taps on the bleeder. This 
prevents any one section from hav¬ 
ing a different time delay on build¬ 
up or decay with a changing line 
voltage. Half*wave rectifying for 


the two power supplies is possible 
because all hum is balanced out 
for the zero-signal condition, and 
rises to only a few percent when 
sweeping a nine-inch screen. 

The process of balancing the am¬ 
plifier is simple, and the cathode- 
ray tube itself is used as the indi¬ 
cator. The two load resistors, 
and /2,a, are shorted, and the zero 
position of the cathode-ray spot 
is marked. The grid of T, is then 
shorted to minus 600 volts and the 
short on jRu removed. ft,o is ad¬ 
justed to bring the spot back to its 
zero position. Then the grid of T« 
is shorted to minus 600 volts, the 
short on removed, and R^ ad¬ 
justed to recenter the spot. 

The output stage is now balanced 
and the phase inverter can be ad¬ 
justed. Short JZa so the inverter 
has zero input, remove the short 
between the grid of r« and minus 
600 volts, and adjust R, to center 
the spot, then remove the short on 
the grid of r« and adjust to 
again center the spot. Now with 
the input control at zero, the short 
across Rp can be removed and Ri 
finally adjusted to center the spot 
again. The entire amplifier is now 
balanced and ready for use. 

The amplifier as described will 
have a flat response from pure 
direct current to over 20,000 cycles. 
By the addition of the five capaci¬ 
tors shown in dotted lines, the 
upper limit is raised to over 100,- 
000 cycles. The values of these 
are determined by the circuit con¬ 
stants and the various capacitances 
to ground. 

In use this amplifier shows re¬ 
markable stability of image, there 
being no breathing with widely 
changing line voltages, and no 
capacitance couplings to cause 
transients that jump the image off 
the screen on change of input. 
Turning off the power and later 
turning it on causes the image to 
fade out and then fade in without 
appreciably changing location on 
the screen. 

It has been found that with the 
oscilloscope in daily use for many 
hours at a time any readjustment 
of balance was unnecessary for 



FIG. 7—Circuit Illustrating use of the 
modified series-balanced low-gain 
driver stage of Fig. 4 (I) to obtain push- 

puU output from single-ended input 

periods of six months or more, and 
the spot position over this time 
and from cold to hot never varied 
over 0.1 inch. As the deflection 
sensitivity is approximately 0.1 
volt per inch, this shows an over¬ 
all long-time drift of not over 10 
millivolts as referred to the input 
When it is considered that ordinary 
tubes and resistors are used and 
that neither plate nor filament sup¬ 
plies are regulated, this perform¬ 
ance becomes remarkable. 

Fntb-Pull Drivgr for Oieilloseepo 

A second type of deflection am¬ 
plifier was built with the stage 
shown in Fig. 4(f) as a push-pull 
driver. The method of obtaining 
push-pull from this driver is shown 
in detail in Fig. 7 Here the 
driver tube Ti passes the full plate 
current of that side of the output 
having tubes T, and Tt in series. 
As the grid of T. is connected to 
the B supply bleeder, it forms a 
cathode drive for Ts. At the same 
time the second half of the output 
stage has the lower cathode re- 
turne(j|i to the bleeder and the lower 
grid is driven by Ti. Thus T, and 
Tp are driven in opposite phase to 
obtain push-pull output. While the 
balance of zero position is correct 
with this type of drive, the two out¬ 
put voltages Epi and Ep» are not 
quite the same, but differ by the 
ratio of (fi -l- 1)/^. However, this 
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is not serious, as it amounts to only 
three percent with 6SH7 tubes as 
triodes in the output stage. This 
is as close to a true balanced push- 
pull as is ordinarily obtained in any 
circuit unless the tubes are espe¬ 
cially picked. 

The complete deflection amplifier 
with this drive system is shown in 
Fig. 8 . This second system has the 
advantage over the first that the 
two plate power sources are con¬ 
nected plus to minus rather than at 
an intermediate point as in Fig. 6 . 
Thus both upper and lower supplies 
can be obtained from a single power 
transformer winding. In addition 
the driver stage has nearly unity 
gain, rather than a 2 to 1 loss as 
in the phase inverter, so additional 
sensitivity can be obtained. 

This amplifier was built with 
6SJ7 tubes for Ti and T# and 6SH7 
tubes for T,, T„ T 5 , and Tt. All 
were connected as triodes with sup¬ 
pressor and shell connected to cath¬ 
ode, and screen to plate. The four 
bleeder voltages ab, be, cd, and de 
are equal, and in this case 300 volts 
each. The three capacitors shown 
dotted bring the flat response up 
to 260,000 cycles, with a slow drop¬ 
off above this. The amplifier is 


usable at 500,000 cycles with about 
fifty percent of the deflection at 
zero frequency or direct current. 

Comporitpn of Otcilloteop* Circeitf 

The balance conditions obtained 
with the circuit of Fig. 8 are not 
quite as good as in the first method 
because tube Ta must balance 
through To and in series, but 
the spot is still within 0.2 inch of 
its cold position after an eight-hour 
run. The deflection sensitivity is 
less than for Fig. 6 , as tubes with 
a lower fi are used to get better 
high-frequency response. 

One precaution is necessary here 
that was unnecessary with the first 
amplifier; namely, adjustment of 
the time constants of the two power 
supplies to be equal and thus pre¬ 
vent breathing with line voltage 
changes. As upper bleeder ede has 
the heavier tube load across it, the 
overall value of J?u and must be 
somewhat less than the sum of 
Ru, and jB,.,. The value is easily 
determined by using a Variac in the 
supply line, and adding additional 
load from a to c until breathing is 
eliminated with sudden line 
changes. Once determined, a fixed 
load can be put across a to c, as 


amplifying arm, including tube 
characteristics and supply voltages, 
are balanced against similar vari¬ 
ables in a second arm of the bridge. 
Thus if the parameters of the non¬ 
amplifying arm vary in the same 
manner as those in the amplifying 
arm, a complete balance for Ef, Fj», 
Rp and contact potential is obtained. 
While it may be argued that no two 
tubes will balance for all of these 
this is not critical and need not be 
made variable for future adjust¬ 
ments. 

The drift performance of this am¬ 
plifier with changes in line volt¬ 
age is shown in Fig. 9 where the 
equivalent input in millivolts is 
plotted against the power line volt¬ 
age. Between the line voltage lim¬ 
its of 105 to 140 volts this drift is 
only z±:2.5 millivolts, and represents 
a spot movement of itiO.008 inch on 
the nine-inch screen. This is con¬ 
siderably better than is obtained 
with most a-c deflection amplifiers 
even with carefully regulated plate 
supplies. 

Both of these deflection ampli¬ 
fiers are shown without the usual 
centering control. The resistor Rt 
is used for centering in either case 
by throwing the amplifier off bal¬ 
ance the required amount to move 
the zero position of the spot any¬ 
where on the screen. This is an 
instantaneous movement and does 
not have the high time delay of 
motion obtained with the centering 
control on an a-c deflection ampli¬ 
fier. 

In both amplifiers the second 
anode of the cathode-ray tube is 
above ground, by 375 volts in Fig. 
6 and by 900 volts in Fig. 9. This 
voltage, therefore, adds to the usual 
high negative voltage supplying the 
cathode of the cathode-ray tube to 
give the total cathode-to-anode ac¬ 
celerating voltage. The reason for 
not grounding the second anode is, 
of course, to allow one side of the 
signal input to be grounded. 

Photoelecfrie Uelit Meter 

One interesting application of 
the series-balanced circuit should 
be noted. This is a light meter 



FIG. S—aitemoliYe nethod of vilng a laiies-balcmeed d-c coapUfler hr 
oedlloscope dellectleii 
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that can be calibrated as an ex¬ 
posure meter or the like. The cir¬ 
cuit in Fig. 10 is almost self-ex¬ 
planatory, for the two tubes are 
operated as in the other circuits 
described, but with a-c plate supply. 
The phototube is connected grid to 
grid to obtain additional amplifi¬ 
cation. The two grid resistors are 
equal and one megohm each, and 
the meter is one milliampere full 
scale. J ?4 is 500 ohms and jR, is 400 
ohms fixed and 200 ohms variable. 

With this arrangement and with 
an RCA 918 phototube, a full-scale 
deflection can be obtained with 0.1 
lumen through a j-inch diameter 
aperture. Other scales can be pro¬ 
vided by switching meter shunts, 
grid resistors, or apertures. As no 
transformers or rectifiers are used, 
a compact instrument results. 



FIG. 9—Effect of ▼orlatloiii in powor 
■upply Toltogo on drift in tho oscillo- 
■cope dofloction amplifier of Fig- 9 



FIG. 10-—Series-balanced amplifier used 
as a light meter 



FIG. 11 —Derivotlon of seriee-bolanced 
conditions In on omplifier 
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D-C Amplifier Design Techniques 


Design equations with practical examples, stabilization of negative feedback amplifiers* 
cathode follower and phase inverter considerations* tube drift problems in high-gain 
d-c amplifiers, and operation of multistage amplifiers from common power supplies 


A METHOD of directly coupling 
successive stages of a vac¬ 
uum-tube amplifier without using 
a common B-supply has been de¬ 
scribed by W. M. Brubaker.^ Ex¬ 
cept for the verbal description in 
this note, the circuit does not seem 
to have appeared in print in spite 
of its usefulness and simplicity. In 
the simplified version of this cir- 


By EDWARD L BINZTON 

cuit given in Fig. la, a battery is 
shown tapped near the middle, with 
a resistor connected across the en¬ 
tire battery. It is obvious that re¬ 
gardless of the position of the tap 
on the battery, there is always a 
point on the resistance which is ex¬ 
actly at the same potential as the 
tap on the battery. Thus, it is pos¬ 
sible to tap a source of voltage 


{El -f Et) and, regardless of the 
load placed upon the source of volt¬ 
age, find a point on the load which 
will be at the same potential as the 
tap. 

In Fig. lb, this tap has been ap¬ 
plied to the amplifier coupling. A 
source of voltage {Et -f Et) is 
tapped, and this point is connected 
to the cathodes of the two tubes. 
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Then resistances Rt, R; and the 
(d>c) plate resistance R^ of the tube 
are so chosen that the junction be¬ 
tween resistors R^ and R» is at the 
same potential as the tap on the 
source of voltage (Ex .-f Em). Any 
number of tubes may be cascaded 
in this manner, all using the same 
power supply. 

This method makes it possible 
to eliminate the zero-signal d-c 
component from any similar cir¬ 
cuit. Several other modifications 
are illustrated in later sections of 
this article, with circuit data. 

Detifs Iqsaflest 

The equivalent diagram of Fig. 
lb, together with the s 3 rmbols 
which are used below, is shown in 
Fig. 2. It should be noted that 
Rp is the d-c plate resistance of the 
tube, equal to the d-c voltage E, 
at the plate of tube divided by d-c 
plate current The analysis of 
this circuit should show how the 
voltage Em depends upon the various 
constants shown in Fig. 2, and how 
this voltage can be adjusted to any 
desired value. Applying Kirchhoff's 
Law to Fig. 2, one has: 

<p (iJp-f i 2 i) -f (i 2 i) - El I 

f. (Ri) +M (Ri + Rt-^RM) ^ Ei^ EiS 

Butt,-J-and 


By combining these equations and 
rearranging their terms, 


Rt 

and Rm 


n E» Em _ 

' El - (I -f Ri/'r;) 

P Ej — Et _ 

El - (1 -h Ri/Rm) 


( 2 ) 

(3) 


Equations 2 and 8 are the design 
equations. If one designs an ampli¬ 
fier for given supply voltages Ex 
and Em, and a given plate voltage 
Eo, and if one knows R,, then Rm and 
Rm may be computed to produce the 
required Ep. Sometimes, however, 
one knows all voltages; i.e., Ex, Em, 
Ept and Em, but Rm must not exceed 
a certain value. Then Eq. 8 can 
be inverted: 

Now, from Eq. (2) and (3), 

Rt - (*) 

in comparison to the supply volt¬ 
age. As an example, a 6SJ7 may be 
operated under the following con¬ 
ditions : 


Et - 400 V, J3i • £i - 200 V, 

£• « 100 V, Es » 0 V, Rx/Rp - 0.5. 

Using Eq. 8 , the comparative 
amplification is found to be 71.4 
percent. By means of more careful 
design, efficiencies in the neigh¬ 
borhood of 80 percent can be real¬ 
ized. 



Fig. 1—Scule bridge drcBlt 
and bridge Tenioa used lor 
telerstcige eevpllag 


As an example. Fig. 8 shows a 
two-stage amplifier using two 6J7 
tubes. Suppose a 400-v power sup¬ 
ply is available. From a tube man¬ 
ual, one finds the recommended op¬ 
erating conditions for such a tube 
forming an alternate set of design 
equations. 

If a resistance-capacitance cou¬ 
pled amplifier is designed to pro¬ 
duce a certain amplification Ao, and 
is converted into a d-c amplifier by 
means of the circuit described 
above, the amplification A of the 
d-c amplifier will be less than Ao due 
to the voltage drop across E,. '‘Ef¬ 
ficiency” of amplification may then 
be defined as y; = A/Ao. While an 
exact expression for the efficiency 
can be derived, it is more signifi¬ 
cant to use an expression based 
upon a few assumptions. If the re¬ 
sistance-capacitance coupled ampli¬ 
fier is a pentode tube with an in¬ 
finite dynamic plate resistance, load 
resistance Ei, and grid leak resis¬ 
tance Es, and a trans-conductance 
g,n, its amplification is; 


A. 




(«) 


If a d-c amplifier is now designed 
using the same load resistance Ei 
and the same grid leak resistance 
Rm, then the amplification of the 
d-c amplifier will be: 


A ^ n (R* "I" Ea) R% 

El -h E. + E, E, + E. 

_ El E t 

" + /e, + Rt 

The efficiency of amplification j \ 
can be computed by combining 
Equations (8), (5), (6), and (7), 
giving 

1 

_ B* + E, _ 

+ £i - £• (1 + Ri/Rp) 
( 8 ) 

The significance of this relation 
can be seen more dearly ^en 
Et =: 0 and the supply voltage E, — 
(El + £,)» Et (1 + Ai/A,), all of 
which is accurate enough for quali¬ 
tative discussion, remembering that 
R, can be considered infinite. 
Then 

’ • 1 + m 

This means that for bast eiBeieaey, 


ne. >—BeehrelMt .Inwii .1 
Ih. cmvUae bMwwIc la nv.tb 
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Eft should be as small as possible 
(older manuals, such as RCA-RC- 
12 give more complete information 
than the later ones). For 6J7: 


Plate supply voltage.180 v 

Screen voltage .30 v 

Grid voltage.1.65 v 

Plate voltage (Fo).60 v 

Plate current (t,).0.24 ma 

Screen current.0.08 ma 

Plate load (/^) .0.5 meg 

Grid leak (R,) .0.5 meg 

Cathode resistor .4850 ohms 

Voltage amplification .93 

Transconductance .376 a* mhos 


The d-c amplifier operating under 
similar conditions will have the fol¬ 
lowing modifications in its design 
formulas, obtained from the above 
data and the notation previously 
given: 

“ i, 0^ X 10-* “ 

£• - 60 V - 160 V 
Rx — OJb mot i^i » 250 v i. 0 v 

Bt may be any practical value, zero 
being the most convenient. From 
Eq. (2) and (8), E, = 1.07 meg and 
E, = 0.428 meg. The amplification 
per stage can be computed from 
Eq. (7), and is found to be 100. 
This is higher than the correspond¬ 
ing resistance-capacitance coupled 
stage because of the higher grid 
leak resistance. If the resistance- 
capacitance coupled amplifier were 
to use the same grid-leak resis¬ 
tance, its amplification would be 
about 126 for the same value of 
plate current. 

It should be noticed that in 
single-ended amplifiers with cath¬ 
ode resistors, there is a loss in am¬ 
plification due to negative feed¬ 
back introduced by the cathode re¬ 
sistors, so that the effective ampli¬ 
fication per stage is A,t,. = A./(l -f 
Rt Om), where R, is the cathode re¬ 
sistance. In the example shown in 
Fig. 8, this reduction in amplifica¬ 
tion is from 100 to 87. If the 
screen voltage is obtained by means 
of a series dropping resistor, even 
a further reduction of gain could 
be expected.* 

The decrease in ampliflcaticai due 
to negative feedback introduced by 
the cathode and screen resistors can 
be eliminated either by using push- 
pull an^iilers, in vdiich ease there 


is no degeneration, or by using 
fixed grid bias and screen supplies. 

The amplifier shown in Fig. 3 
should have an overall amplifica¬ 
tion of about 1400, a uniform fre¬ 
quency response from zero to 20,- 
000 cps, and should be able to de¬ 
liver about 60 V peak without ap¬ 
preciable distortion. 

Steblllsaties ef Neeofiv. Nedbeck 
AMpliier* 

Since the output of the Brubaker 
amplifier can be adjusted to have a 
zero d-c component, conventional 
negative feedback circuits can be 
used to stabilize the amplifier. The 
principles involved in applying neg¬ 
ative feedback are now so well 
known that it is not necessary to 
say very much about either the 
method or the final results. A few 
remarks, however, might be help¬ 
ful in realizing the best perform¬ 
ance. 

In applying negative feedback in 
a multi-stage amplifier of the Bru¬ 
baker type, the same oscillation 
criterion applies as in the case of 
the ordinary resistance-capacitance 
coupled amplifiers: unlimited feed¬ 
back can be applied in one or two 
stages without any oscillation trou¬ 
bles, and over a larger number of 
stages if proper care is taken.* In 
general, application of feedback to 
one stage does not produce great 
benefits, and more than two stages 
require a compromise design be¬ 
tween frequency response and the 
degree of stabilization. It is the 
two-stage amplifier that is easiest 
to handle if audio frequeneioB a$ 
well aa drc have to be amplified. 


If negative feedback is applied 
to a two-stage amplifier, (or any 
even number of stages), such as 
shown in Fig. 4 the feedback re¬ 
sistor Rt has to be connected from 
the plate circuit of the last stage to 
the cathode resistor of the first 
stage. As a result of this, there is 
an undesirable loss of amplification 
due to two effects: (1) the un-by- 
passed cathode resistor R, in the 
first stage, and (2) the loss in gain 
of the second stage due to the 
shunting of the plate load by 
(Ri -f R,). 

As was shown in the preceding 
section, the first of these could be 
appreciable, while the effect of the 
second depends upon the magnitude 
of the feedback desired. These two 
effects are inter-related in such a 
way that the greater one attempts 
to make 3 (the fraction of output 
that is introduced into the input), 
the lower is the amplification of the 
two stages. This just means that 
in order to obtain a high degree of 
the stability, and at the same time 
the highest possible amplification, 
these two effects must be mini¬ 
mized. 

In practice, this can be done by 
(1) designing the output stage to 
operate with the lowest possible 
impedance so that the shunting ef¬ 
fect of a given (R, -fff.) is as small 
as possible, (2) designing the in¬ 
put stage with the highest possible 
impedances so that for a given 3. 
R, becomes as high as possible, (8) 
adjusting the operation of the first 
stage so that its gain is obtained 
for the lowest possible value of gw, 
to reduce the degenerative effects 
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Fig. &—Tha eonTrattono) R-C eeiipUd caihoda ieUowar (a) and tha Brabakat 
aqulTalant ol lha eoBTattUeiuil eotheda followar (b) 


of R,, the un-bypassed cathode re¬ 
sistance of the first stage; (4) ob¬ 
taining the bias for the second 
stage either with a bias cell, or 
merely by choosing the proper value 
of Eu. 

If properly designed, it is pos¬ 
sible to obtain both a stabilization 
factor of 100 and an amplification 
of approximately 100 with a two- 
tube pentode amplifier. Figure 4 
shows the circuit and frequency 
response of an amplifier similar to 
one of Fig. 3, but stabilized by 
means of negative feedback. It 
will be observed that in order to 
connect resistance R 4 without dis¬ 
turbing the potentials of the cir¬ 
cuit, a tap on resistance R^ had to 
be used which had the same poten¬ 
tial with respect to ground as the 
upper terminal of R^ of the first 
stage. 

Cathode Pollowor Coosldorotioiit 

Cathode followers of the type 
shown in Fig. 5a find application 
in circuits where a high impedance 
has to be converted into a low one 
without the use of transformers. 


In most such cases, in addition to 
the bias resistor R^, a resistance 
Rf, is added which allows greater 
output voltages and at the same 
time develops degenerative feed¬ 
back which tends to stabilize the 
action of the tube against voltage 
and tube characteristic changes. 

In conventional cathode follow¬ 
ers, the proper bias voltage de¬ 
veloped across R^ is introduced to 
the grid through the resistance R». 
The voltage across is kept from 
altering the situation by a blocking 


capacitor Ci on the input side. Ca¬ 
pacitor Ct prevents the direct volt¬ 
age across (Rr -f from appear¬ 
ing at the output terminals. 

Figure 6b shows the d-c equiva¬ 
lent of Fig. 5a. Here the capacitors 
are omitted and the undesired di¬ 
rect voltage across Ra is eliminated 
by connecting R^ to which may 
be the same voltage as is used in 
the amplifier proper. The proper 
value of resistance R^ is chosen so 
that the current supplied from Eg 
through Ro and R, just equals the 
total cathode current of the tube; 
that is, 

Pliata Isvarfer Conflderatiesf 

Push-pull arrangements have 
even greater advantages in d-c 
amplifiers than in resistance-ca¬ 
pacitance coupled ones. Single- 
ended input voltages can be con¬ 
verted to push-pull ones by means 
of phase inverters, which are shown 
in Fig. 6. It will be seen that these 
are again merely modifications of 
the well known a-c circuits. 

Figure 6a shows a push-pull am¬ 
plifier in which one grid is driven 
by the unbalanced input and the 
second grid from the output cir¬ 
cuit of the first one. The circuit to 
the left of the line o-a is designed 
in the obvious manner, using form¬ 
ulas previously given. If this is 
done, then the d-c potential from 
point b to ground will be zero, and 
point c can be chosen so that the 
ratio (jR,o + Rn)/Rw equals the 
voltage amplification of the driven 
stage. If properly designed and 



Fig. 4-na twe-ttoqa dlrect*coupM omplUtor Moploytoe tt e ea U v e l eedba ok . 
Cunr# A ihowt tk« irsquency fesponse wUh leedbcMdo B, wlfheel I —dbc w k 
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adjusted, the input to both tubes 
will be balanced, there will be no 
degeneration due to cathode re¬ 
sistance Ro, and the gain will be 
the highest possible with the tubes 
used. 

The phase inverter shown in 
Fig. 6b is perhaps the more useful 
of the two. If one were to bisect 
the circuit by a horizontal line into 
two symmetrical parts, then each 
one would again be designed along 
the general principles outlined be¬ 
fore. Each half of the circuit could 
possess a high degree of stability 
due to degenerative feedback de¬ 
veloped by the resistor /?,. In the 
form shown in Fig. 6b the lower 
tube is driven by the signal voltage 
developed across due to the 
driver tube. If 


then the output of the device will 
be balanced to the same degree as 
the above inequality. The bal¬ 


ance, of course, can be made per¬ 
fect by adjusting the tap b to the 
proper point. 

It should be pointed out that re¬ 
sistors Rn and R^^ provide the 
proper bias voltages for the two 
tubes, whereas R^ and R^ are so 
adjusted as to give the highest 
possible value of Re R^/iR,- -f- Rn) 
and still maintain the potential 
from point a to ground zero, to 
provide for the condition that ft.. 
ft«/(ft< ftt) » fti2 or fti*. Other 
types of phase inverters often used 
in a-c circuits can be easily con¬ 
verted for d-c applications. 

Tabe Drift Rreblems in Hieb-Goin 
AmpIMnrt 

The moat difficult problem in a 
high-gain d-c amplifier is the change 
in the plate current of the first tube 
due to random changes in the work 
function of the cathode surface. 
These current changes are usually 
small, but are always present. 
Negative feedback cannot eliminate 



PIV. I—Two types el dc pbosn laenrlsn. Thn tnbns con bs nlthnr triodss or 
potttedns la Iho dicull at (a) 



FIG. 7—Output Toltogo Toriatlon ol tho 
cmpUflor shown la Fig. 4 duo to filomoBt 
Toltogo changes 



FIG. 8—Tho basic Miller circuit which 
improTOs tho drift problon ol tho Input 
stage ol tho d>c omplllior. II is tho 
transconductonco el 7$. then Ri is noorly 
oquol to 1/gs 


these changes because they act as 
if they were input signal variations 
and as such cannot be distinguished 
from the signal itself. 

The most serious immediate 
cause of these current changes is 
the filament voltage, although am¬ 
bient temperature affects the cur¬ 
rent also. (In addition, there seem 
to be other causes which are not 
yet understood.) To illustrate the 
magnitude of these changes, Fig. 
7 shows the variation of the output 
voltage due to changes in filament 
voltage. The ordinate is an equiva¬ 
lent input voltage; i.e., change in 
output voltage amplification. 

A great improvement can be real¬ 
ized by means of a circuit described 
by Miller.^ Miller uses a double 
triode with a common cathode, and 
the circuit is so arranged that if 
one triode behaves in the same 
manner as the other, cancellation 
of the variation takes place. The 
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basic circuit is shown in Fig. 8. If 
Ra = then A s = A — 
(flf, A i, J?,) Ra:=0; and changes in 
emitter characteristics that are 
common to both sections will 
produce no net change in the plate 
current of the active amplifier T,. 
An amplifier built with the first 
stage modified in this manner is 
shown in Fig. 9. Figure 10 shows 
the variation of the output voltage 
(again referred to input) as a 
function of the filament voltage of 
the first tube. It is seen that for a 
proper value of the resistance A, 
a marked improvement is produced 

Operaties of Molfi-Stag# AnpIMors 
from Common Fowor Snppliot 

If many stages are used in an 
amplifier, currents flowing through 
the source of voltage (Eg and Ex) 
from the last stages can introduce 
voltages into the earlier stages. 
This causes regeneration which can 


express itself either in oscillation 
or other undesirable effects. There 
are two ways to avoid the trouble: 
(1) use of low-impedance power 
supplies, (2) separately filtered 
lines to groups of stages. The 
former can be accomplished by 
means of either batteries or prop¬ 
erly designed electronic voltage 
regulators, and the second by volt¬ 
age regulator tubes such as VR-105. 

The general method described is 
useful in extending practically all 
known techniques now used in a-c 
amplifiers to zero frequency. These 
methods are not restricted to am¬ 
plification alone. 

One of the objectionable features 
of this method is the necessity of 
two voltages, positive and negative 
with respect to ground. Miller' at¬ 
tempts to get around this difficulty 
by using cold-cathode regulating 
tubes as circuit elements. The use 
of these tubes in this manner 



FIG. 9—A two-itag« d-c amplifier uidng o Miller compensated stage, a cathode 
follower, and stobillsed negotlTe feedback 


brings up other problems, however. 
The VR-tubes need a fairly high 
voltage to start them and draw 
heavy currents. This causes 
troubles in design, adjustment and 
operation. The VR-tubes also tend 
to be noisy, so that their use is 
usually restricted in amplifiers, at 
least as circuit elements. The two 
required voltages can be obtained 
from one power supply and do not 
require additional parts. 
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Bridge-Balanced Amplifiers 

Inherently stable with respect to tube and supply-voltage variations, the d-c voltage and 
current amplifier drcnits described lead themselves ideally to the design of vacaanKabe 

voltmeters and photoelectric light meters 

By Y. P. YU 

T hb maximum sensitivity ob- that can be achieved. The difficulty causes: (1) variations In values of 
tainaUo with a vacuum-tube In maintaining an accurate eero theeircaltparameters,oadi asro- 
voltmeter la limited by the stahili^ baae line la due to theso major siatances; (2) varlatlona of supply 
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voltages; (3) variations of tube 
factors, such as plate resistance and 
amplification factor. 

Variations in circuit parameters 
result chiefly from changes in 
temperature of resistors. They can 
be minimized by the use of therm¬ 
ally compensated resistors and the 
proper placement of component 
parts. Fluctuations of line voltages 
affect both the heater and the plate 
supply voltages. Tube factors are 
dependent upon operating voltages, 
upon cathode emission, and upon 
the aging of the tube. The effect of 
variations in supply voltages and 
tube factors on zero deflection of 
the output meter can be minimized 
by the use of balancing circuits. 

Voltags Amplifier 

Figure 1 shows the basic circuit 
of a d-c bridge-balanced voltage 
amplifier. Tube Tu serves as an 
inverse-feedback amplifier in which 
the degeneration is provided by the 
I-R drop across the bias resistor S. 
Other tubes, Tt to Tn-i, serve to bal¬ 
ance out variations of tube factors 
and supply voltages. 

The cathodes of all tubes are 
heated from the same source. The 
balance will be perfect if all tubes 
remain identical in characteristics 
as supply voltages and other condi¬ 
tions change. Physically, Ru Rt, 
Tm, and other tubes of the amplifier 
circuit perform as the four arms of 
a balanced bridge, in which R^ and 
Rm correspond to the ratio arms, Tn 
to the unknown arm, and Tt — Tn.i 
to the standard arm. Any change 
in voltage drop across the arm Tn 
due to variations in tube factors or 
in supply voltages will be aecom- 
panied by an identical change in 
voltage drop across each tube of the 
arm 2 *, — Tm.j; therefore, the ratio 
of Ft to Em remains constant, and 
the balance of the bridge holds for 
any part of the tube curves. 

Cunmnt Amplifier 

The output terminals of the 
bridge-balanced voltage amplifier 
are at high quiescent d-c potential 
above ground. In order to couple 
this output directly to the input of 
the next stage, it is necessary to 
establish the correct bias voltage 


between the grid of the next tube 
and its cathode. Furthermore, the 
gain of the bridge-balanced voltage 
amplifier decreases rapidly as the 
load resistance decreases, becoming 
extremely small when the load re¬ 
sistance is lower than the cathode 
resistance R because excessive de¬ 
generation is developed by the 
cathode resistors. In order to 
couple the output to an indicating 
meter of low internal resistance, it 
is necessary to reduce the amount 
of degeneration. 

The d-c bridge-balanced current 
amplifier circuit of Fig. 2 was de¬ 
veloped to satisfy these require¬ 
ments. In this circuit the correct 
grid-bias voltage of T» is estab¬ 
lished by the voltage drop across 
resistor Rt, and the amount of de¬ 
generation is reduced by eliminat¬ 
ing cathode resistors. The grid- 
excitation voltages of T. and are 
opposite in phase. Therefore, the 
signal components of plate currents 
of T, and Tt cancel in the biasing 
resistance JB,; there is no loss in 
amplification even when Ri is very 
large. 

Millivolfmefer Circuit 

The schematic diagram of a 
vacuum-tube millivoltmeter is 
shown in Fig. 3. Two 6SL7 tubes 
are used as a d-c bridge-balanced 
voltage-amplifier stage and two 



6SN7 tubes are used as a d-c bridge- 
balanced current amplifier, bal¬ 
ance adjustment of the output stage 
is accomplished by adjusting the 
grid biases of T, and T 4 . The po¬ 
tentiometer R 7 is used as a panel 
zero control. The potentiometers 
Rt and are used to take care of 
large zero shifts such as may be en¬ 
countered when the tubes are 
changed. An L-attenuator consist¬ 
ing of two resistors, R^ and is 
used as a voltage multiplier to give 
a constant input resistance of 10 
megohms at all voltage ranges. 

Care in construction is essential 
in a sensitive vacuum-tube volt¬ 
meter of this type. It was found 
necessary to provide good ventila¬ 
tion, to choose tubes of similar char¬ 
acteristics, and to use low-temper¬ 
ature-coefficient precision resistors. 
Furthermore, the temperature co- 
eflSicient of all resistors except jR„ 
Rt, Rt, and J7« should be identical. 
Stabilization of the plate-supply 
voltage is obtained by the use of 
an electronic voltage-stabilizing cir¬ 
cuit. 

This instrument gives a full-scale 
meter reading of one millivolt d-c 
on its most sensitive voltage range. 
In conjunction with a special probe 
(diode detector), the instrument 
may be used to make exact measure¬ 
ments from d-c up to radar fre¬ 
quencies. By connecting the instru- 



FIG. 2—^Boslc drcull oi d-c bridqe- 
bcdoaeed current amplifier 
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ment across proper resistors a very 
sensitive xnicroammeter is obtained. 
For example* it is possible to ob¬ 
tain a full-scale deflection for 0.001 
microampere by connecting the in¬ 
strument across a 1.111 megohm re¬ 
sistor* making the resultant input 
resistance one megohm. When used 
with an external battery and proper 
resistors* the instrument will meas¬ 
ure resistances from 0.001 ohm up 
to 1*000*000 megohms. Line-voltage 
variations from 105 volts to 120 
volts will affect the meter reading 
by less than 4 percent. 

Couplina Between Stoget 

When a single plate supply is em¬ 
ployed* coupling between stages is 
one of the major difficulties in the 
design of multistage d-c amplifiers. 
Three methods which are partic¬ 
ularly adaptable in bridge-balanced 
arrangements will be described 
here. 

One method utilizes a cold-cath¬ 
ode voltage regulator tube as shown 



FIG. 4—Coupling two stagot of a bridgo- 
bcdoncod ompIUior by using o Tollogs* 
rogulator tubs 


in Fig. 4. When ail the tubes in 
the circuit are similar, the overall 
voltage gain of this amplifier is 
/iV3, where /x is the amplification 
factor of the tubes. A voltage gain 




FIG. 5—^Another method el coupling be¬ 
tween stoges In a d-c bridge-balanced 
amplifier 


of 64 db with good stability was 
obtained from this amplifier circuit 
by using two and one-half GSLT’s. 
But noise is generated by glow dis¬ 
charge in the voltage regulator tube* 
and a highly regulated plate-supply 
is needed to give good stability to 
this amplifier. 

The second method employs a sep¬ 
arate bias-supply* as shown in Fig. 
5. When all tubes are similar* the 
design equation of this amplifier is 

Ri/Rf ~ Eno/Ec ~ A^—2 

where N is the number of tubes in 
series* and Ebo is the quiescent plate 
voltage. The overall voltage ampli¬ 
fication of this circuit is fiV2* where 
fjL is the amplification factor of the 
tubes. The disadvantage is that 
two highly regulated power sup¬ 
plies are needed. 

The third method employs a push- 
pull phase-inverter arrangement 
wherein a large cathode bias may be 
employed without the usual attend¬ 
ant disadvantage of excessive 
negative feedback. The basic cir¬ 
cuit of this type of arrangement is 
shown in Fig. 6. The overall volt¬ 
age gain of this amplifier is 
where ih and /4» are the amplifica¬ 
tion factors of the tubes employed 
in the first and the second stages 
respectively. A voltage gain of 56 
db with very low noise level was ob¬ 
tained from this circuit by using 
one and one-half 6SL7’s as the first 
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FIG. 6—Using a phase inverter to couple 
two stages improves ompliller perfonn- 

stage and two 6SN7’s as the in¬ 
verter stage. 

Light-Meter Circuit 

A bridge-balanced circuit with 
negative feedback, for measure¬ 
ment of very small illumination, is 
shown in Fig. 7. The bridge ar¬ 
rangement of the circuit makes zero 
setting practically independent of 
supply-voltage variations. The 
amount of degeneration developed 
by resistor is sufficient to pre¬ 
vent tube changes from affecting 
the calibration of the instrument. 



FIG. 7—Degenerative-balance light meter circuit employing o bolonced amplifier to 

obtain high stability 


This circuit can measure illumi¬ 
nation with full-scale sensitivity 
corresponding to a phototube cur¬ 
rent of 0.6 microampere. 

The process of balancing the cir¬ 
cuit is simple. Connect the grid of 
Ti to the center tap of potentiom¬ 
eter Rt, and adjust Rt to bring 
the metei* reading to its zero posi¬ 
tion. Then reconnect the grid of 
Tt to its original position, and again 


bring the meter reading to zero by 
adjustment of Rt. The circuit is 
then ready for operation. Variable 
resistor Rn is used for adjusting the 
calibration of the output meter in 
case it is necessary to change the 
phototube. Potentiometer J?« is used 
as a panel zero control. This cir¬ 
cuit has proved itself simple to 
build, reliable in indication, and 
stable in operation. 


D-C Amplifier for Low-Level Signals 


Bandwidths of only a few cycles, input impedances not over 20 ohms, and averaging recti¬ 
fiers are used to minimize noise M'ben amplifying signals below a microvolt. Speed of 
amplifier response is analyzed. Construction of two laborator)' amplifiers is described 

By CHARLES B. AIKEN and W. C. WELZ 


A mplifiers for extremely low in- 
•put levels are often required 
in the measurement of physical 
quantities in both research and ma¬ 
terials testing laboratories. One 
important field of instrumentation 
where such amplifiers are required* 


is the measurement of various 
forms of radiation. 

Detlgg ContideratioBs 

The conventional method of using 
an a-c amplifier instead of a d-c 
type is to modulate a local high- 


frequency carrier with the input 
signal, amplify the modulated a-c, 
and finally obtain the signal by de¬ 
tection. Recently the thermal time 
constants of bolometers and ther¬ 
mocouples have been substantially 
reduced, so it is possible to inter- 




ELECTRONICS AAANUAL FOR RADIO ENGINEERS 


266 


rupt the radiation falling on them, 
by means of a mechanical shutter 
for example, and thus directly ob¬ 
tain an a-c output that is propor¬ 
tional to the incident radiation. 

To measure minute amounts of 
radiation, such as those involved in 
astronomical investigations, it is 
necessary to deal with signals of 
the order of millimicrovolts. To 
distinguish such signals in the pres¬ 
ence of noise, it is necessary to em¬ 
ploy an exceedingly narrow band¬ 
width in the amplifier. The fre¬ 
quencies of operation of the newer 
bolometers and thermocouples 
range from 5 to as high as 150 cy¬ 
cles. During the course of work on 
a National Defense Research Com¬ 
mittee contract, amplifiers for use 
with these bolometers and for gen¬ 
eral testing at low frequencies were 
developed; the amplifiers operate 
at frequencies below 50 cps with 
bandwidths less than 5 cps wide. Al¬ 
though these units are of special¬ 
ized nature, they do have many 
uses in instrumentation beyond the 
purposes for which they were orig¬ 
inally designed. 

In electrical design, it is de¬ 
sirable to operate at as low a fre¬ 
quency as possible, because the 
minimum achievable bandwidth be¬ 
comes narrower as the operating 
frequency is lowered, thus reducing 
the noise against which the signal 
must compete. But too low a fre¬ 
quency presents apparatus prob¬ 
lems, particularly in the design of 
the input transformer and in the 
size of the by-pass capacitors. Fre¬ 


quencies in the vicinity of 60 cycles 
are to be avoided because of the 
universal presence of hum fields 
from power circuits. 

One of the most important design 
aspects affecting the level of cir¬ 
cuit noise is the rectifier used at the 
amplifier output to convert the a-c 
into d-c for actuating an indicator 
or recorder. Peak-type diode volt¬ 
meters accentuate the noise com¬ 
ponent more than averaging recti¬ 
fiers, so the averaging t3rpe is pre¬ 
ferred. Perhaps the best rectifier 
from the standpoint of minimizing 
noise is the mechanical rectifier; it 
is a motor-driven switch operated 
from the same shaft that drives the 
mechanical shutter. The switch 
thus reverses the polarity of the 
amplifier output in synchronism 
with the a-c signal generated by the 
shutter so that the output is recti¬ 
fied on a purely average basis, inde¬ 
pendently of the absolute value of 
the signal. The mechanical recti¬ 
fier is strictly linear, and when used 
with a filter, provides selectivity de¬ 
pendent only on the characteristic 
of the filter. 

lapaf CIrcalft 

Balanced input circuits and a 
suitable input transformer are es¬ 
sential if maximum sensitivity is 
to be realized when the amplifier is 
connected to thermal receivers or 
other devices of low impedance. 
The stepup of this transformer 
should be high, so that the irreduc¬ 
ible thermal noise across its input 
terminals is made large enough to 


override by a substantial margin 
the noise generated in the first 
vacuum tube. For operating fre¬ 
quencies of 10 cycles or above, this 
condition is easily fulfilled, and it 
is then unnecessary to take extreme 
precautions to reduce tube noise to 
the lowest possible level. 

The transformer used is the 
Thermador Type TG-8, originally 
intended for geophysical use. It 
has a six-element shield and a rated 
secondary inductance of 2,400 hen¬ 
ries =±;10 percent, at low voltages. 
The stepup obtainable from a bal¬ 
anced 10-10 ohm input circuit is 
150 at 50 cycles, 107 at 12 cycles, 
and 84 at 7 cycles, the secondary 
being tuned for maximum output 
in each case. However, unless the 
secondary Q is greater than two, 
timing the secondary provides lit¬ 
tle improvement. 

The layout of the amplifier should 
take account of the obvious precau¬ 
tions required in any high-gain de¬ 
vice, such as in-line sequence of 
stages, adequate separation of 
high-level and low-level regions, 
and shielding of critical elements. 
Moreover, at the gains involved 
here, certain additional precautions 
are necessary, especially in the first 
stage, although it has been found 
that elaborate constructions are 
not always necessary. In some 
cases, protection provided by the 
sextuple shielding on the trans¬ 
former, the metal case of the first 
tube, and a standard metal chassis 
enclosing the transformer tuning 
capacitor and the wiring has proved 



FIO. 1—PmdWl-T filter and oreraglna recllller minimise noise fai this ontpUller lor use wHh holometeri 
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satisfactory, provided the device is 
not subjected to severe electrical 
interference. In other cases, mod¬ 
erate additions to this shielding 
have been necessary. 

Tubes recommended for the first 
stage are the 6SJ7 and the 1620, 
It is desirable to test tubes for elec¬ 
trical and microphonic noise, and 
to select the quietest units, because 
individual tubes differ greatly. 

A very substantial plate decou¬ 
pling filter is required in the first 
stage; the second stage is also apt 
to call for special attention in this 
regard. The necessary filtering can 
be realized either by using two or 
three sections of R-C filter (multi¬ 
ple sections require less total R and 
less total C than a single section of 
the same effectiveness), or by using 
gas voltage-regulator tubes, which 
act as excellent low-frequency by¬ 
pass elements. 

It is well to use precision wire- 
wound resistors in all parts of the 
first stage, except the sections of 
decoupling filter which precede the 
last section. Oil-filled by-pass ca¬ 
pacitors should be used, and very 
high resistance mica coupling ca¬ 
pacitors; capacitors having even a 
small leak can cause severe noise. 
The use of one-point grounds, as is 
common in high-gain radio-fre¬ 
quency amplifiers, is especially de¬ 
sirable. 

Selectiva Cirealtf 

In the first amplifiers constructed 
in our laboratories, inductance-ca¬ 
pacitance selective circuits were 
used. Besides tuning the input- 
transformer secondary, the grid 
circuit of the third stage, which 
utilized the primary of a Therma- 
dor Type TG-26 transformer, was 
tuned. This type of tuning is 
simple and results in a fairly high 
gain. However, the inductance of 
the coil changes slightly with volt^ 
age level, thereby causing detuning 
and moderate nonlinearity. 

In the later amplifiers, a twin-T 
selective feedback circuit has been 
employed for tuning purposes, usu¬ 
ally from the plate of the thirji 
stage to the cathode of the second. 
Feedback from the third plate to 


the suppressor-grid of the first 
stage has also been successfully 
used. In most cases, a well bal¬ 
anced twin-T network gives suffi¬ 
cient selectivity. However, in some 
cases a narrower band was re¬ 
quired ; it was achieved by increas¬ 
ing the shunt capacitance in the 
twin-T circuit above the normally 
used value, which makes the feed¬ 
back voltage regenerative near 
what would normally be the zero 
transmission frequency of the 
twin-T. 

Signal Racfiilcr 

Considerable use has been made 
of a simple peak-type diode recti¬ 
fier, which is satisfactory unless it 
is necessary to measure signals just 
above circuit-noise level. Circuit 
noise contains peaks that are sev¬ 
eral times the average noise level. 
These peaks register on a peak-type 
voltmeter, and keep the rectified 
noise voltage unnecessarily high. 

This difficulty can be remedied by 
arranging the diode to respond to 
the true average of the impressed 
alternating voltage by using a cir¬ 
cuit in which no by-pass capacitors 
are used across the resistors in 
series with the diode. With ampli¬ 
fication adjusted so as to obtain the 
same sinewave output in both cases, 
the average noise level with a peak 
rectifier was 74 percent greater 
than with the average-type rectifier, 
and in addition, the latter gave a 
more uniform noise level, relatively 
free of surges, than the peak type. 

As has been mentioned, synchro¬ 
nous mechanical rectifiers have also 
been employed. This rectifier has 
been used successfully in the ampli¬ 
fication of direct potentials that are 
interrupted, fed into an alternat¬ 
ing-current amplifier, and then syn¬ 
chronously rectified. The rectifier 
and the filter to which its output is 
delivered give an effective selec¬ 
tivity to the amplifier which is de¬ 
termined entirely by the character¬ 
istics of the filter. 

In order to get full output from a 


FIQ. 2 —Output Irum cmpUllar of Fig. 1 
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synchronous rectifier, the phase ot 
the impressed voltasre must be cor¬ 
rect. For this reason the amplifier 
should be provided with a continu¬ 
ously variable phase adjusting ncU 
work so that the correct relation¬ 
ship between signal and rectifier 
phase can be easily reached, and so 
that effects of small drifts in the 
tuning of the amplifier, or slight 
changes in the operating frequency, 
can be compensated. 

If full advantage is to be taken 
of the useful characteristics of the 
rectifier-filter system, it is essential 
that there be no interference, either 
microphonic or electrical, from the 
rectifier itself. Such interference, 
being synchronous, is very detri¬ 
mental and great care must be 
taken to avoid it. 

Speed of Retpeate 

There is no simple relation be¬ 
tween the effective overall time con¬ 
stant of the amplifier and the band¬ 
width at some specified amplitude, 
such as 3 decibels down, or 6 deci¬ 
bels down. However, certain sim¬ 
ple formulas make it possible to de¬ 
cide on the approximate value of 
bandwidth to be employed when a 
given response speed is required. 

When a sinusoidal electromotive 
force is suddenly impressed upon a 
series-tuned circuit, the resulting 
current consists of a steady-state 
term plus a transient term, which 
gradually dies away. The transient 
is of the form of a damped sine- 
wave, and the time constant of 
the circuit is the time required for 


the amplitude of the transient to 
decrease to 87 percent of its initial 
value. Let /, and A be frequencies 
at which the resonant curve of the 
tuned circuit falls to a fraction F 
of its maximum. If X is the total 
reactance around the circuit at 
either one of these frequencies 
A’ (1) 

from which two relations follow 

K2TftL/Rd - (l/2,r/,CJR,) - 

(- 1 -f- (2) 

and 

(l/2rf,CR0 - (2rM//eO - 

(- 1 -h 1/P)V* (3) 

adding these two expressions 

[2irAL -f l/2ir/iCl - 
(2r/iL + l/2»/,Cl - 

2A, (- 1 -h 1//^)*/* 

furthermore 2ic/tL is very nearly 
equal to l/2ic/iC, and 2nfxL is 
equally close to l/2%fiC, hence 

/?*“ /i* <Ri''2nL) (-1-^1 'Pj a* 

in addition, the rise of current in 
the circuit is determined by the 
time constant U which is 2L//^,*, 
this term can be used to eliminate 
L/Rx from Eq. 4 giving, on rear¬ 
rangement 

«. « (- 1 -h l/P)‘/V^r (h - fx) (5) 

which equation relates time con¬ 
stant to bandwidth. For half¬ 
amplitude bandwidth F=0.5 and 
Eq. 5 gives 

tx - 0.562/(/* - /.) 

showing that a frequency response 
one cycle wide at half amplitude 
gives an effective time constant of 
slightly over half a second. If 
bandwidth is considered to be be¬ 


tween the 3-db points, then 0.707 
*0.318/a-/,) 

which results indicate that, for a 
given definition of bandwidth, the 
time constant depends, as does the 
noise, on the absolute bandwidth. 

The synchronous rectifier used 
with this amplifier and its associ¬ 
ated filter also has an effect on the 
response time of the system. When 
the voltage impressed on the me¬ 
chanical rectifier is synchronous 
with the rectifier switching, as will 
always be the case with the desired 
signal, the output will contain a 
direct-current term. If a signal is 
suddenly impressed on the rectifier, 
the voltage appearing across the 
output of the filter will require 
some time to reach its maximum 
value. The time constant U is the 
interval required for the output to 
reach 63 percent of its final value. 

If the filter consists of two iden¬ 
tical resistance-capacitance net¬ 
works, the ratio of the instanta¬ 
neous output voltage to the im¬ 
pressed direct voltage is 

h/Ro^ 1 -*-» X 

11.342 -f 

corfi (1.118t//eC)l (6) 

from which it can be found that 
the output reaches 0.63 of its final 
value when i^//?C=3.0S, hence U is 
3MRC for this filter. 

To relate this time constant to 
the effective selectivity, let /© be 
the synchronous frequency, and /, 
and fa be the higher and lower fre¬ 
quencies of the incoming signal at 
which the filter output is reduced to 
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a fraction F of its maximum steady 
state value. Then 

1/0 +28lr/«»r(/2~/o))H 
16(7r/eC(/2-/o)r^ (7 

and also an identical expression in 
which (/o—/i) appears in place of 
(/a*-/o). Eliminating fo between 
these two similar expressions and 
eliminating RC by means of the 
previously obtained time constant 

ti « [3.03/t (ft - /i)J X 
[- 3.6 + (11.26 -f l//^)‘/tI*/v (8) 

which, for F=0.6, gives 

* 0.614/ (ft - fo 

corresponding roughly to the time 
constant of the tuned circuit at its 
half-amplitude bandwidth. The 
time constant of the two-mesh filter 
is slightly greater than that of a 
single-mesh one, however this dis¬ 
advantage is offset by the greater 
attenuation of the synchronous fre¬ 
quency provided by the two-mesh 
filter. 

D»serl|itieB of AmpllHer 

The circuit of a two-frequency 
laboratory amplifier is shown in 
Fig. 1. A spring suspension used 
to support it has sufficient stiffness 
to provide a period of 0.8 second 
for oscillations in the vertical di¬ 
rection. This gives adequate pro¬ 
tection against ordinary mechanical 
disturbances. Construction and 
layout are not greatly different 
from those of any ordinary low- 
gain amplifier, the chief difference 
being that the output transformer 
(which feeds the rectifier) is 
mounted in an entirely separate 
box to prevent objectionable mag¬ 
netic coupling with the input. 

It is to be noted that both the 
bolometer current and the grid bias 
for the first stage and for the fifth 
stage are obtained from the A- 
battery, without developing trou¬ 
ble from feedback. The bias con¬ 
nection to the fifth stage is rather 
heavily filtered, however. 

No by-pass capacitor is provided 
in the rectifier circuit, so that the 
direct voltage developed is propor¬ 
tional to the average value of the 
signal. A part of this voltage is 
impressed, through a low-pass fil¬ 


ter, upon the grid of the output 
tube. Switch allows the time 
constant of this filter to be set at 
either 0.15 seconds or 0.65 seconds. 

The frequency of maximum am¬ 
plification can be changed from 12 
to 24 cycles by switching capaci¬ 
tances in the twin-T network, 
across the secondary of the input 
transformer, and across each wind¬ 
ing of the output transformer. Be¬ 
cause maximum amplification is 
often not required, the switch 5, 
has been provided to lower the gain 
by a fixed amount. Further adjust¬ 
ment to a desired sensitivity is 
made by the volume control ]fi the 
grid circuit of the fourth stage 
which is composed of precision 
wirewound resistors, and provides 
attenuations up to 100 times, as 
indicated in the circuit diagram. 

F^rformoiicB Dato 

Full-scale deflection of the output 
meter is obtained with 0.05 micro¬ 
volts developed in a 10-ohm resistor 
in one side of the balanced input 
circuit, with the attenuator at 0.1. 
When there is no attenuation, and 
the impressed signal is reduced to 
0.005 microvolt, the total deflection 
obtained is greater than full-scale 
(because of the addition of the cir¬ 
cuit noise to the signal), but we 
can rate the maximum full-scale 
sensitivity as 0.005 microvolt. 
When 24-cycle tuning is used, the 
sensitivity is 0.0042 microvolt. 

Figure 2 shows a record of the 
12-cycle circuit noise made with a 
recording milliammeter when the 
input cable is terminated in a pair 
of 10-ohm wire-wound resistors. 
The average noise voltage is 
1,1 X 10’* volt. Figures 2B to 2D, 
inclusive, show the result of adding 
successively greater amounts of 
signal. It will be noticed that a 
signal of 0.001 microvolt can be 
very definitely detected, although it 
is not greatly above noise level. In 
these runs the time constant switch 
was in the 0.65-second position. 
Figure 2E to 21, inclusive, show 
similar data except that the switch 

FIG. 4—Output from ompliliuf of Fig. 3 
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S. is in the O.lS-second position, 
and hence the oscillations of the 
recorder needle are more rapid. 

Records of the noise level made 
with the secondary of the input 
transformer short-circuited, show 
it to be 3x10'” volt, in terms of 
the equivalent primary circuit volt¬ 
age or approximately a quarter the 
circuit noise developed with 10-10 
ohm resistors at the input cable. 

The average noise level indicated 
by the recordings is 1.1x10'* volt 
on the 12-cycle channel, and 
1.8x10'* on the 24-cycle channel. 
The half-amplitude bandwidth of 
the former is 2.0 cycles, while the 
latter is 5.4. The root-mean-square 
thermal noise voltage in an ideal¬ 
ized frequency band 2-cycle8 wide, 
generated by a 20-ohm resistor, is 
0.8x10"' volt, while that corres¬ 
ponding to a 6.4-cycle bandwidth is 
1.8x10'* volt. It is necessary to 
consider the full 20 ohms of the 
two 10-ohm resistors in the input 
circuit, because the voltages they 
generate are in series with the pri¬ 
mary, in the same way that the 
signal voltage developed in a 10- 
ohm thermal receiver is in series 
with the primary. The above fig¬ 
ures show that the total noise of the 
amplifier approaches thermal limit. 

The root-mean-square voltage 
across the secondary of the rectifier 
transformer corresponding to full- 
scale deflection of the recording 
milliammeter in the output of the 
direct-current amplifier stage is 46 
volts. This means that the total 
voltage amplification from 10-ohm 
input circuit to transformer sec¬ 
ondary is 9.2x10*. Of course, not 
all of this gain is effectively used, 
because there is a four-to-one volt¬ 
age division in ^he rectifier circuit 
proper, and because the direct volt¬ 


age developed is proportional to the 
average value of the impressed al¬ 
ternating voltage, or to 2V* times 
the root-mean-square impressed al¬ 
ternating current. Hence the recti¬ 
fied voltage applied to the filter is 
only 6.2 volts, and the useful volt¬ 
age gain may be taken as 1.04x10*. 
However, the larger figure, relating 
to the transformer secondary volt¬ 
age, is effective in determining the 
possibility of there being stray 
feedback of alternating voltages 
within the amplifier itself. 

A Cewpect AaipIMer 

Figure 8 shows a small amplifier, 
having only four tubes, intended to 
be used with an external synchro¬ 
nous rectifier (shown as part of 
the diagram). The unit is designed 
for nominal 24-cycle operation, and 
the half-amplitude bandwidth is 4.0 
cycles. Tuning over a 10 percent 
range is provided by the ganged 
variable resistors in the twin-T 
network. 

The first three stages take a total 
B-battery current of less than 0.6 
milliampere at 90 volts, and hence a 
small separate B-battery is used 
for them. Using a battery greatly 
reduces the amount of plate-circuit 
filtering that is required and avoids 
the necessity for ntimerous bulky 
capacitors. 

Because (1) no proportionality of 
output versus input was required 
with this device and (2) a rather 
wide range of input voltages had to 
be handled, the last stage was pro¬ 
vided with a series grid resistor, 
and thus acted as a limiter. The 
next to last stage also limits some¬ 
what on strong signals. The re¬ 
sulting phase shift with amplitude, 
while appreciable, is not enough to 
interfere with the action of the 


synchronous rectifiers. Ranges of 
input voltage in excess of one- 
thousand to one can be handled 
without difficulty. 

There are two half-wave sections 
in the rectifier, each of which feeds 
a separate filter and a triode direct- 
current amplifier, so that one triode 
will respond to a signal of a certain 
phase, and the other to one of op¬ 
posite phase. A differential relay 
with one winding in series with 
each output-tube plate is provided. 

The amplifier was designed to 
give reliable operation on input 
signals down to 10'* volt acting in 
one side of a 10-10-ohm balanced 
circuit. Actually, it does rather 
better than this, as is indicated by 
Fig. 4. Figure 4A shows the oper¬ 
ation of a recorder connected to the 
differential relay. The pen moves 
in one direction when the relay 
closes due to current through the 
upper triode section and in the op¬ 
posite direction when the relay 
closes on the other side. Because of 
the very high gain, circuit noise 
keeps the relay in operation always. 

The frequency of the signal re¬ 
corded in Fig. 4B was adjusted to 
differ by 0.2 cycle per second from 
that of the mechanical rectifiers, so 
that with a strong signal the relay 
and recorder move regularly back 
and forth. In Fig. 4B the change 
in the character of the record 
clearly shows the presence of a 
signal of 10'* volt, although the 
operation can hardly be described 
as satisfactory. With twice as 
much input voltage, the regular 
pattern broomes more evident (Fig. 
4C) although noise is still quite 
troublesome. With 8x10"* volt 
(Fig. 4D), the operation is fairly 
good, and at 6x10'* or more, it is 
substantially perfect. 
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A Stable D-C Amplifier 

An aperiodic coupling element per¬ 
mits response to zero frequency 
and to high frequencies limited 
only by conventional limitations in 
RC coupling. Useful in CR-tube de¬ 
flection ; has a voltage gain of 5,000 

ly 6. ROBT. MEZGER 


T he design of high-gain, wide- 
f requency - range direct - cou¬ 
pled amplifiers always has been 
hindered by a number of factors 
which are difficult to control. The 
term “direct-coupled” as used in 
this paper embodies any type of 
interstage coupling system for 
vacuum-tube amplifiers which per¬ 
mits response of the system to sig¬ 
nal potentials of zero frequency. It 
is not restricted to the case of zero- 
resistance connection between the 
output terminal of one vacuum-tube 
stage and the input terminal of a 
following stage. 

The problem of maintenance of 
proper electrode potentials in di¬ 
rect-coupled amplifiers usually has 
occasioned the necessity for hav¬ 
ing either the output or the input 
terminals average the signal com¬ 
ponent of their output about some 
potential other than that of ground. 
The use of transformers or capaci¬ 
tors as interstage coupling elements 
destroys the feature of response to 
signals of zero frequency. 

Direct-coupled amplifiers of high 
gain often are troubled with uncon¬ 
trollable drifts in output potential. 
The term drift is used here to 
indicate any change, usually un¬ 
controllable, which will cause an 
undesired variation of either the 
a-c or the d-c component of the 
output of an amplifier. It is used 
in contradistinction to the term 
‘^oise” which is reserved for refer¬ 
ence to short-time disturbances. 

Drifts in direct-coupled ampli¬ 
fiers have been known to achieve 


such magfriitude that attempts to 
correct them have carried the tubes 
in the latter stages of the amplifier 
beyond their operating range. Cir¬ 
cuit arrangements w’hich have been 
used to maintain proper electrode 
potentials usually involve the place¬ 
ment of power supplies or batteries 
in such a manner that they are re¬ 
quired to carry signal potentials. 
As a result, these large masses, 
with their high stray capacitance to 
ground, shunt the high-frequency 
components of the signal and des¬ 
troy the high-frequency perform¬ 
ance of the amplifier. 

Solutiont for Hio Froblom 

A circuit which has been widely 
used of late for direct interstage 
coupling is shown in Fig. 1. In 
this circuit, a voltage divider is 
placed between the plate of the first 
stage and a potential source which 
is highly negative with respect to 
the grid of the second stage. The 
two resistors in the divider, and 
Ra, are so chosen that the potential 
of point a is exactly the operating 
potential desired for the grid of 
Tf Attenuation of the signal orig¬ 
inating at the plate of Ti will ap¬ 
pear at the grid of T, because of 
the IR drop across Rx- 

As the negative-potential source 
at which Ra is terminated is made 
more negative, Ra must be in¬ 
creased to maintain the same aver¬ 
age potential at point a. The at¬ 
tenuation therefore becomes less. 
If the plate of Tx were operating at 
an average potential of -1-100 volts, 





Bock •UtoUoii oI the ompUlier oi ooa- 

stnictcd at tho Denrid W. Taylor Modol 
Boila 

and if Ra were terminated at a 
source which was negative by 1000 
volts with respect to ground, only 
ten percent attenuation of the sig¬ 
nal would occur. 

By inspection of Fig. 1, it can be 
seen that if it were possible to con¬ 
trol the flow of current through Rt 
and Ra so that it is absolutely con¬ 
stant, i.e., so that there would be no 
change in potential drop through 
J?i regardless of signal-potential 
variations, the signal originating 
at the plate of Tx would then ap¬ 
pear unattenuated at point a. This 
would be accomplished, for in¬ 
stance, if Ra were increased to in¬ 
finity, as is implied in the forego¬ 
ing, so that the current flowing 
through the network would be con¬ 
stant at all times. It is also equiva¬ 
lent to saying that if a signal were 



FIG. 1—^Hypothatleal eireult for dtroet 
coupUag botwooa two taboo 
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applied at point a which was equal 
in both magnitude and phase to the 
signal at the plate of Ti, then re¬ 
gardless of the current flowing 
through Ri the signal potential at 
point a would be the desired po¬ 
tential. 

A Dlr»cf-CoapllRg Circait 

The application of just such a 
signal at point a is accomplished 
by the circuit of Fig. 2 . In this 
circuit, T» operates as the infinite 
resistor previously described; the 
IR drop through which is pro¬ 
duced by the flow of the plate cur¬ 
rent of Til, provides the proper 
average potential at point a while 
introducing no signal attenuation. 

In Fig. 2, the main elements of 
the coupling device between Ti and 
r, are resistor Ri, which has the 
same function as does Rx in Fig. 1 , 
and triode Ta which, with its cath¬ 
ode-load resistor, replaces Rt* Ta 
operates to maintain the potential 
of point a exactly equal in magni¬ 
tude and phase to the potential 
which originates at the plate of Ti. 

Consider the coupling element 
first as a voltage divider made up 
of the series combination of Ri, 
rp of Ta, and R^. Then, neglecting 
any effects caused in T, by R., the 
signal at point a would be the plate 
signal of T, reduced by the factor 
(Vp -f- R 4 )/iRi -f r, -f Ri). If» 
however, the plate current of T, 
is decreased just sufficiently, with 
any increase in to permit T» to 
develop across Ri a signal poten¬ 
tial of the proper magnitude to 
compensate exactly for the attenu¬ 
ation produced by this voltage di¬ 
vider, the desired condition for 
potential at point a will have been 
obtained. In this manner, Ri will 



FIG. 2—Bosle dreult la which a tuba. 


simulate a resistor which provides 
a potential drop but which carries 
no current. This is accomplished 
by maintaining constant the plate 
current of T, regardless of changes 
in Cs. 

Control of plate current of T, 
to maintain it absolutely constant 
is effected by varying the cathode 
potential of the tube by an amount 
which will vary r, just sufficiently 
to compensate any change in plate 
current which would be caused by 
variations in c,. Resistor R. is 
added, therefore, as shown in Fig. 
2 , to develop the control potential 
necessary across the cathode of Ta. 
The value of R* is so chosen that, 
when operating in series with R* 
as a voltage divider across the in¬ 
put potential c*, the voltage drop 
across R*, with constant plate cur¬ 
rent simultaneously flowing through 
R 4 , is just sufficient to alter the 
parameters of T» to compensate 
any change in plate current. When 
this condition prevails, the signal 
potential originating at T, will 
cause the signal component of the 
potential at point a to equal ex¬ 
actly, in both magnitude and phase, 
the output signal from T,; and 
i, of Tt will be absolutely constant. 
The average potential of point o, 
furthermore, can be controlled by 
design to be exactly the desired op¬ 
erating potential for the grid of 

r- 


Analysis of tiia Clrcnlf 


This circuit may be analyzed 
rigorously as follows: From the 
definition of /x, constant plate cur¬ 
rent requires that A c, = — A c,//i, 
where c, = c* — e. and e, = C 4 — «•. 
Both e, and e, depend upon 
Therefore, introducing e, as inde¬ 
pendent variable and passing to in¬ 
finitesimals in place of the finite 
variations, the condition for con¬ 
stant ip becomes 


dsi ju bsi 


( 1 ) 


The two partial derivatives oc¬ 
curring in Eq. ( 1 ) can be readily 
evaluated by applying Kirchhoff’s 
laws to the circuit of Fig. 2 : 


Si *» ipRi -1- ep H- ipBi -f- iiRi 
xm 

^ Ri + Ri 


*' [fti + Bt ~ ^*] 

^ 1 _ .tys 

bti Ri '^ Ri^ Rii^ Ri 

Similarly, 

Cp «e — (ii + ip) 1^4 — ipRi — 

^ (ei ~ ipRi\ 

For the purpose of this discussion, 
Cfl can be assumed constant. In the 
circuit actually used, this is as¬ 
sured by the adoption of a push- 
pull circuit. Then 


deg ^ ^ Ri 
det Ri -f“ Ri 


(3) 


Substituting Eq. ( 2 ) and (3) into 
Eq. ( 1 ), the condition for constant 
ip becomes 


R4 _ 1 

Ri + R^ + ^ M 

The value of Rs, then, is equal to 
fjRit where /x = at the condi¬ 
tions under which the tube is op¬ 
erated. The value of R, is not found 
to be critical in practice. It may 
vary as much as 15 percent with 
little change in operation of the 
circuit. Ri may be determined em¬ 
pirically by measuring the plate 
current of Tp while varying simul¬ 
taneously the plate-supply for Tt 
at the common junction of Rt and 
R. 

The proper grid-bias potential for 
T. is taken from the cathode-load 
resistor of T, by adjustment of 
Rt and Rt. The circuit between the 
grid of Tt and the cathode of Ti 
is degenerative and operates only 
to maintain a constant bias poten¬ 
tial on the grid of T», so that a rise 
in grid potential (rise and fall of 
potential are given here with re¬ 
spect to signal ground potential, 
which is at a level of —400 volts 
with respect to absolute ground in 
the amplifier described) of T, in¬ 
creases the plate current of Tt. 

The potential of point a with re¬ 
spect to ground (signal) is thus 
reduced, and the grid potential of 
Ti is reduced an equal amount, 
thereby reducing the cathode po¬ 
tential of Tt and the grid potential 
of T« by an amount just suffleiant 
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FIG. 3—Compl«t« basic dreult for tbs 
■tablUssd ompUllsr. Rsalsioxs Bu R'l* 
Ri and R't ors combined into o ilngle 
reeister; the tome Is true oi R. and R', 


to compensate for the original rise. 
It is this self-stabilization of the 
coupling element, operating to com¬ 
pensate stage by stage for unde- 
sired variations of circuit condi¬ 
tions, which permits these stages 
to be cascaded without danger from 
long-time drifts rendering the am¬ 
plifier unusable. 

An inspection of Fig. 2 will show 
that the compensating action de¬ 
scribed will occur not only for vari¬ 
ations in the parameters of 7s and 
Tg, but that it will occur also for 
any signal which appears at the 
plate of 7,. This circuit, then, while 
it is extremely stable, will pass no 
signal and will not function as an 
amplifier. 

Ilimiaatloa el Degeaerolios 

A means for permitting the cir¬ 
cuit to be self-compensating but 
nevertheless allowing it to function 
as an amplifier is shown in Fig. 8. 
In this circuit, an amplifier, identi¬ 
cal in every respect to the ampli¬ 
fier of Fig. 2, has been added to 
the original circuit to provide a 
push-pull circuit It will be noted, 
howeter, that, by use of the paral¬ 


lel connection of the cathodes of 
each amplifier tube in each stage, 
a variation in cathode potential of 
one tube in a stage will cause a 
change in % of the other tube, and 
a signal caused by such a change 
will appear in balanced form in 
the output circuit. If an unbal¬ 
anced input signal, then, is applied 
to the input of the amplifier of 
Fig. S, the common connections of 
the cathodes of 7, and T\ and 7, 
and T\ will cause a balanced signal 


potential to appear at the output 
terminals. 

The circuit in this form is suit¬ 
able only for push-pull output po¬ 
tentials, which adapts it ideally to 
deflection of a cathode-ray tube. 
This may restrict its usefulness 
for some other applications. The 
input signal may be either balanced 
or unbalanced with respect to 
ground in this circuit. 

By the self-compensating action 
described in the foregoing,, any 
variation of cathode temperature, 
which changes r, and and which 
has been a main cause of drift and 
variation of amplification in direict- 
coupled amplifiers, has been virtu¬ 
ally eliminated. The part of the 
circuit of Fig. 3, therefore, which 
consists of all elements following 
the plate terminals of 7i and 7'i, 
may be viewed as a single unit for 
a direct-coupled amplifier consist¬ 
ing of a self-compensating coupling 
element and an amplifying stage. 
The coupling element has the ad¬ 
vantage of introducing no signal 
attenuation, and it operates to cor¬ 
rect continuously for any of the 
usual circuit variations which 
cause drift in the output signal. 

Stages may be cascaded to pro¬ 
vide increased gain. It is signifi¬ 
cant that the self-compensating 
feature of the coupling element 
permits stages to be cascaded with¬ 
out the effects of individual stage 
drifts becoming cumulative due to 
succeeding amplification. The num¬ 
ber of stages which can be cas¬ 
caded is limited only by the de- 



FIG. i Cttieadedi dlreet-oeupM ompIllSer. showfaHr vollagM wRh rMpeet tp 
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FIG. 5—8cb«niotlc of compl«t« stcdUllMd dlr»c1-coapl«d ampllltor. Ports list 
Is glTSB la Ills oocomponylag tsxt 
PARTS LIST FOR FIG. 5 


Alt All — 1 msf. 1 w 
As. Ai —200.000,1 w 
As —200,000* 

As —20,000, Iw 
A? — 2 nsf»1 w 
As,Ai-^, 1 w 
ais. All —100.000* 
Am — 2 BMo, 1 w 
All —20.000.1 w 
Am — 200.000* 

Au —2.000.10 w 
Am —1.000.1 w 
Ait — 50. pot. 

All —1.00^1 w 

Alt — 2,000,10 w 
Am — 2S0,j[^t.t 
Am— 25,001^1 w 
Aa —200,006. Ilf* 
Am — 2 BMs, 1 w 
Abi —10.000,10 w 

Ah — 106.006.1 w 
All —10,000.10 w 
Air —100.000. Iw 
Am — 2 lasf, 1 w 
An —200^* 

Am. Ah —1^. 10 w 
Ah — lO.OOOT 10 w 
An —100,006, Iw 
Am — 25.000.1 w 
Am — 10,000.10 w 
Am — 100.000 .1 w 


Air — 25.000,1 w 
An — 1 mss, 1 w 
Am — 20.000. pot. 

Am,Ah —100,000. Iw 
Am —5.000.10 w 
Am —75.006. Iw 
Am — 1 siSl. 1 w 
Am — 15.0M. pot 
Am —75.000.1 w 
Am, Ass —100,000. 1 w 
Ass — 1 SMf. 1 w 
Am —20^. pot. 

Au — 1 aiotf 1 ^ 

An —75.000. Iw 
An —15,000, pot. 

Am —75,000,1 w 
Am —ISO, 10 w 
Am. Ast —200.10 w 
Au. Am. An —100,000.1 w 
Ah — 1 BMif • 1 w 
Am— 100,000, pot. 

An—15,000,10 w 
Am — 1 mst. 1 w 
Am —250,000. Iw 
Am— 75,000, pot. 

As; —76.000, ISr 


Cu, Cis. Cts — 4 jd, 400 V, oil 
Cis. Cu — t nf. m Y. siso. 

Cts, Gt, Gs— 1.0 4 . 400 T. oU 
®— Two-fsaf rotary, ssoh- 

— 8PST rotary 


8P, 

As 


01 —orvA luwrj 

As —DPSTtocala 
Li, Ls — Powar Tranrfi 


G. G. G, G — 0.1 af. 400 V 
G.G, Cr.Ct —8 jiToOO 
Ct. Gt —2 af. 1000 V. oil 


1.1.14 — rower 1 raiuHoraiar, lav 
Ya. 40tMM00 y, 200 aia d. o.. 
5 Y-0HBP.4JIY — 5.14 astp, Thor- 
daiSQaT-12R14. 

Ls—Powsr tnadmm, 590-0- 
590 Y, 200 Bsa d.o.. 4.2 v-S amp. 
ILanyoa T-247. 

Ls. Is. ia, Lt, Ls. Li —FUtm 
ohoka, 12b at 0 ma, 5 h at 200 
ma, d. 0 ., 80 ohna, IM y iM^- 
Uon last. HiordafsoB T-47G49. 

mala nhamis aonnaotnr. Joaaa S* 
SIO-FP. 

Pi —FhMh famala ofaamis oon- 
oaotor 

Ps—Tbrsa-tonsiaalfmoala ohas- 
•la oonaaotor, AsqdMBol PG8F. 
Ps. Ps. Pf — Baaaaa jaek 
““ " mraal' 


alac. Ps. Ps — 

fkaJ mIvIm 


* Prsclsloa type, (IRC Type WW-4), wirS'Wouad resistors. 


t Bm eoasists of ten 26'Obm. % w resistors, coaneeted la series aeross the termlasls 
of sa 11-poeltlon rotary swlten, and Isolated from the remainder of the circuit with a 
1000 ohm. 10 watt reeistor at either end of the switch. 


mands for economical power-sup¬ 
ply design and by the noise which 
is introduced hy the first stage, 
which noise is not eliminated by 
the circuit. By suitable design of 
the circuit, the proper value of 
generally may be provided to ob¬ 
tain the requisite frequency re¬ 
sponse. gain, and average output 
level which may be desired. 

In practice it has been found 
that I?, is relatively high. Accord¬ 
ingly, the stray circuit-capacitance 
and the interelectrode capacitances 
of r, and T, operate as a shunt to 
ground for the high-frequency 
components of the signal at point a. 
By the addition of C„ the effect of 
these stray capacitances is neutral¬ 
ized. Limitations on high-fre¬ 
quency response of the stage, then, 
become the same as those govern¬ 
ing the operation of conventional 
resistance-capacitance-coupled am¬ 
plifiers. The value of C, must be 
large with respect to the sum of 
stray circuit-capacitances and the 
interelectrode capacitances of Ti 
and Ts. In practice, a capacitance 
of 0.01 fxi or more has been found 
satisfactory for circuits of the type 
shown here. 

Dbtribatloa of Fotontlol 

The circuit of Fig. 4 illustrates 
the type of potential-distribution 
problem encountered in the appli¬ 
cation of the direct-coupled ampli¬ 
fying unit to a three-stage cascaded 
direct-coupled amplifier. 

The first stage, which consists 
of Ti alone, is a conventional direct- 
coupled amplifier. Its output signal 
is superimposed upon its average 
plate potential of +150 volts. Tm 
operates as a coupling element to 
the grid of T„ which is an ampli¬ 
fier. Ts and T, operate in like man¬ 
ner to T« and T$, The average po¬ 
tential, with no signal applied to 
the input circuit, is given for all 
significant points in the circuit 
It will be noted that the output levd 
of each stage, exclusive of the in¬ 
put stage, is at ground potential. 

The feedback resistor which 
is shown in Fig. 4, has no function 
in the diatribution of average po¬ 
tential It is employed, rather, in 
the finai design of tiie amplllter 
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TABLE I. OtmoII Ampllll«r Gcdn os o 
FimelloB of Attoauotor Bottiaff cmd Actuol 
AmplUlor Qoia 


AttODuator 

Satting 

Amplifiar Gain Salting | 

1000 

2000 

5000 

0 

0 

0 

0 

1 

1 

2 

5 

2 

2 

4 

10 

8 

5 

10 

25 

4 

10 

20 

50 

5 

20 

40 

100 

6 

50 

100 

250 

7 

100 

200 

500 

8 

200 

400 

1000 

9 

500 

1000 1 

2500 

10 

1000 

2000 

5000 


as a gain-control element. 

Dotlga for o Typical AmpliBor 

Figure 5 illustrates schemati¬ 
cally a complete design for a direct- 
coupled amplifier. The maximum 
voltage-gain of the amplifier is 
6000 times. Its input impedance is 
100,000 ohms. The high-frequency 
response of the unit is given in 
Pig. 6. The low-frequency response 
of the amplifier is uniform, at the 
maximum value shown in Fig. 6, 
to zero cps. 

The amplifier has been designed 
for direct deflection of a Du Mont 
Type 5LP6 cathode-ray tube, which 
is operated with a second-anode po¬ 
tential of 1000 volts and an inten- 
sifier-electrode potential of 2000 
volts. Instability of gain and drift 
cannot be observed on the screen 
of the cathode-ray tube. The am¬ 
plifier is operated entirely from al¬ 
ternating-current power. 

lapof Clrcalf 

A balanced input attenuator 
(Fig. 7) is provided in the ampli¬ 
fier for reduction of the input sig¬ 
nal to an amplitude which is proper 
for the grid of the first stage and 
for control of the magnitude of the 
output potential. The attenuator 
gives steps in gain in the ratio of 
2 to 1 as closely as could be ob¬ 
tained with available values of 
standard commercial resistors. 
Eleven fixed positions of the input 
attenuators are available which, 
with three fixed values of ampli* 
fier gain, give a total of 88 gain 
positions. The maximum attenu¬ 
ation. exclusive of the po¬ 


sition, is 10‘*. The gain settings 
available are given in Table I. 

Immediately following the input 
attenuator in the circuit is a three- 
position switch which will ground 
either side of the amplifier input 
for use with signals which are un¬ 
balanced with respect to ground. 
An ungrounded position is provided 
for use of the amplifier in the con¬ 
ventional balanced manner. 

Bolanea of flio AmpliSor 

The term ‘^balance*’ is used to 
refer to the overall adjustment of 
any or all of the characteristics of 
an amplifier to readjust the output- 
circuit performance to compensate 
variations such as drift, change in 


gain, change in output level, and 
other factors. Practically all direct- 
coupled amplifiers require a bal¬ 
ance control of some tyipe for final 
adjustment of the operation of the 
amplifier. The balance of the am¬ 
plifier shown in Pig. 5 is controlled 
by adjustment of potentiometers 
and R». The balance control for 
this amplifier is merely an adjust¬ 
ment for the potential of the grid 
of T., Fig. 2, which adjustment is 
obtained by varying its position 
along the cathode resistor of T,, 
Fig. 2. Potentiometer Fig. 6, 
has a wide range of control, and 
it is mounted on the chassis of the 
instrument for adjustment only 
during servicing and maintenance. 
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or when tubes are changed. Poten¬ 
tiometer Rvt functions as a vernier 
on and it is mounted on the 
front panel of the amplifier for use 
as a spot-position or pattern-cen¬ 
tering control. 

Feedback Ciroits 

Negative voltage-feedback is em¬ 
ployed in this amplifier to vary the 
voltage gain, to stabilize the volt¬ 
age gain, to reduce drift, to 
broaden the frequency response, 
and to reduce the effective output 
impedance of the unit. 

One feedback circuit extends 
from the plates of the output tubes 
to the plates of the input tubes. 
To obtain the proper polarity for 
negative feedback, the two balanced 
sides of the amplifier must be cross- 
connected. This type of feedback 
minimizes differential variations 
between the two sides of the push- 
pull amplifier. The feedback ele¬ 
ments between T» and Tx\ for ex¬ 
ample, consist of Rss and 

Negative voltage-feedback also 
is employed to control voltage gain 
of the amplifier. This is accom¬ 
plished through feedback used in¬ 
dependently on each phase of the 
balanced unit. feeds signal volt¬ 


age back to T 4 , and feeds back 
signal to Ss is a two-section 
gang switch which controls the 
feedback simultaneously on each 
channel. Positions are provided for 
voltage gains of 1000 , 2 , 000 , and 
5000 times. 

Dir#et-C«rr«st Op«rofioii 

Since the interstage coupling ele¬ 
ments T„ Ta and Tt are the most 
likely single sources of instability 
in the amplifier, their internal 
characteristics are kept as nearly 
constant as possible by operation of 
their heaters from a regulated d-c 
source. This precaution has been 
found to contribute greatly to the 
freedom from drift found in this 
amplifier. Much of the drift prob¬ 
lem in this design depends upon 
the constancy of the operating par¬ 
ameters of these coupling elements. 
In this connection, also, it was 
found highly desirable to employ 
commercial '‘precision” resistors, 
such as IRC Type WW-4, for the 
plate-load resistors of the coupling 
tubes because of their low temper¬ 
ature-coefficient of resistance. 

Inasmuch as the input stage re¬ 
ceives no compensation of any type, 
and to reduce a-c ripple in the am¬ 


plifier output, the heater of this 
tube also is operated from a d-c 
source. 

Amplifier tubes T«, Tb, and T,. 
all are operated from a conventional 
alternating-current source. 

Power Suppliof 

Power for the complete amplifier 
is supplied by three separate recti¬ 
fier-filter systems. The output of 
each system is controlled by an 
electronic regulator. The first sys¬ 
tem, reading from the top of Fig. 
6 , has an output of +200 volts. The 
second system furnishes regulated 
power for operation of all heater 
circuits which require direct-cur- 
rent operation. The third system 
has an output potential of —400 
volts for operation of the amplifier. 

Aeknowl«dgiii*iitt 

The concept and design of the 
basic coupling circuit and the de¬ 
velopment of the final amplifier unit 
are the work of Mr. George W. 
Cook of the Electronics Section of 
the David Taylor Model Basin. The 
mathematical analysis of the cir¬ 
cuit was performed by Mr. Westley 
F. Curtis of the Structural Mechan¬ 
ics Section. 


A D«C Amplifier of High-Current, 
Low-Impedance Output 


The problem of making a d-c 
amplifier which will deliver a large 
current to a low^impedance load is 
difficult to solve by conventional 
means. Ordinarily the load of a d-c 
amplifier must be connected di¬ 
rectly in the space-current path of 
the last tube, because a matching 
transformer cannot be employed. 
Power tubes require at least 100 
volts between plate and cathode in 
order to conduct sizeable currents; 
when the drop across the load is but 
a few volts the efficiency of the sys- 


By LAWRENCE FLEMING 

tern becomes very low. If output 
currents of more than about 200 
milliamperes are needed, an incon¬ 
venient number of large tubes in 
parallel must be used. 

Direct-current driving amplifiers 
are often required for oscillo¬ 
graphic work. The amplifier here 
described delivers up to one ampere 
to an oscillograph element of three 
ohms impedance, with a frequency 
range of zero to several thousand 
cycles. Since it was clearly imprac¬ 
tical to parallel enough power tubes 


to conduct one ampere (several 
channels were required), the ex¬ 
pedient was employed of using a 
carrier-current system terminating 
in an output transformer and a dry- 
disc rectifier. 

Perfermonce 

Specifications of general interest 
are: Maximum output, 1.2 amperes 
into 3 ohms. Input signal for maxi¬ 
mum output, 10 volts d-c. Input im¬ 
pedance, 10 megohms. Frequency 
range, 0 to 4000 cycles. 
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The linearity of the inputrout- 
put relation is shown in Fig. 3. The 
stability is high and the system op¬ 
erates for'months at a time with¬ 
out adjustment. 

Figure 1 shows the system in 
block-diagram form. An oscillator 
supplies carrier excitation to the 
grid of modulator tube F,. This 
tube is operated as a class C am- 
plifier» so that its carrier-frequency 
output is proportional to its 
plate voltage. The plate volt¬ 
age of tube is supplied by 
the d-c input signal through a 
cathode follower The carrier 
output of modulator tube Vx passes 
through a bandpass filter which 
passes the carrier frequency and 
the sidebands, thence through a 
power amplifier, an output trans¬ 
former, and a dry-disc rectifier. 
The d-c output of the system is 
taken from the rectifier. 

ModHiotor Circuit 

The class C type of modulator 
used has a higher order of stabil¬ 
ity than the more conventional di¬ 
ode, varistor, or square-law type of 
balanced modulator. To minimize 
the residual carrier voltage appear¬ 
ing at the output of the modulator 
when its plate voltage is zero, the 
modulator stage may be neutralized, 
or it may be operated as a fre¬ 
quency multiplier without neutral¬ 
ization. In practice, the latter is 
simpler- and just as effective. 

The best tube for use as a modu¬ 
lator is a high-mu triode. The ex- 
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citation voltage is not critical. Op¬ 
erating constants for the modu¬ 
lator in the system shown are: 
Grid excitation, 20 volts. Plate 
voltage operating range, 0 to 10 
volts. Load (filter) impedance, 
7500 ohms. 

Defoiis of Circuit 

Figure 2 is a schematic diagram 
of a complete amplifier channel. The 
modulator tube Vt is biased con¬ 
ventionally by means of grid leak /?, 
and capacitor Ci. The no-signal plate 
voltage of Vi is adjusted by potenti¬ 
ometer Pi, which permits utilizing 
input signals of either polarity. The 
cathode follower Fa is here arranged 
to drive the cathode of Vi instead 
of the plate. A negative signal at 
the grid of F, thus increases the 
voltage between the plate and cath¬ 
ode of Vi. 

The bandpass filter should pass 
the carrier frequency and the up¬ 
per and lower sidebands. If th€ 
percentage bandwidth is small, a 
tuned circuit can be substituted for 
the Alter. 

In this particular case, an over¬ 
all response of 0 to 4000 cycles was 
required. The carrier frequency 
chosen was 30 kilocycles. The Alter 
was designed for a nominal band¬ 
width of 25 to 35 kilocycles. 

Because of the high carrier fre¬ 
quency, special transformers had 


to be built for use at T,, T*, and T„ 
At 10 kilocycles and below, ordi¬ 
nary audio transformers should be 
satisfactory. 

The rectiAer IV at the output of 
the system is a Federal selenium 
unit, type 6B1AV1. At 30 kilocy¬ 
cles, the efAciency of dry-disc recti- 
Aers is about half that obtained at 
lower frequencies. Hence if a lower 
maximum frequency of overall re¬ 
sponse is usable, a lower carrier fre¬ 
quency can be employed with a 
consequent reduction in the size o^ 
the power ampHAer. 



Fig. S—Iupttt<otttpul characluilslioi of 
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Gas-Tube Coupling for D-C Amplifiers 

Comb i n in g a cathode follower with a gas diode gives a stable and efficient coupling net¬ 
work. Evolution and operation of the circuit are explained 

By FULVIO lANNONE and HOWARD BALLER 


P ROBLEMS of supplying operat¬ 
ing potentials to direct-current 
amplifier stages connected in cas¬ 
cade are bothersome. Each addi¬ 
tional stage of amplification re¬ 
quires extra potential from the 
power supply and frequently causes 
trouble with insulation and voltage 
drift. Negative feedback is helpful 
in reducing drift but the difficulties 
of cascading direct-current ampli¬ 
fiers usually require the designer to 
minimize the total number of 
stages. 

Figure 1 illustrates several meth¬ 
ods of coupling. The circuit at Fig. 
lA introduces no loss in transfer¬ 
ring the signal from the plate of 
the first stage to the grid of the 
following stage, although it is very 
susceptible to drift introduced 
through supply voltages. The cir¬ 
cuit at Fig. IB uses a glow tube or 


neon lamp as a coupling element. 
Choice of the value of in this 
circuit is a compromise; ordinarily 
R, should be smaller than the d-c 
resistance (JR,,) of the gas tube and 
larger than its a-c resistance (r^) 
so that a smaller percent of the d-c 
voltage present on the plate of the 
first tube will be coupled to the 
grid of the second tube than the 
percent of a-c voltage that is so 
coupled. In addition, direct current 
flowing through the gas tube is lim¬ 
ited by its rating and by the voltage 
drop caused in the plate load re¬ 
sistor of the first stage. As a result 
of these limitations on the design. 
R, must sometimes be chosen in 
such a way that substantial cou¬ 
pling loss occurs. The VR type of 
tube with rated average current is 
ordinarily not considered for this 
application because its d-c resist¬ 


ance is of the same order of magni¬ 
tude as the plate load resistors 
which may be desired. 

iMproved Cowpllsq Clrewlf 

The circuit illustrated in Fig. 1C 
suffers from none of these disad¬ 
vantages. An additional tube is 
used as cathode follower with its 
cathode impedance composed of the 
VR tube and resistor R,. With this 
arrangement there is no d-c load on 
the first amplifier and the input 
impedance of the cathode follower 
is so high that it does not affect the 
gain of the first stage. Most of the 
d-c voltage drop in the cathode cir¬ 
cuit of the follower stage occurs 
across the VR tube while almost all 
of the signal drop appears across 
Rg. Because the current through 
the VR tube flows in a path sep¬ 
arate from the d-c plate current of 
the first stage, the design of the 
first stage is independent of the 
d-c resistance of the VR tube. The 
only requirement is that R, must be 
much larger than the dynamic im¬ 
pedance of the VR tube. Coupling 
loss of signal voltage from the first 
amplifier plate to the second ampli¬ 
fier grid is only slightly greater 
than the ordinary cathode-follower 
loss. Figure IC also shows how a 
negative feed-back resistor (Ru) 
can be inserted in the cathode of 
the second amplifier to increase 
stability. 

The gas tube coupling should 
only be applied in circuits where 
the signal level is high enough so 
that noise from the gas discharge 
will be negligible. A conservative 
figure is to keep the total signal 
change more than 50 mv. Maximum 
signal change allowable across the 
VR tube is a function of current 
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FIG* ^—Circuit of diroet-couplod omplUlor 
lor on oicttloseopo. Tho novol coupling 
■yHom proTldos a roiponio flot within ono 
db to ton kiloerclos 


and, to a slis:ht decree, frequency. 
For design purposes the change of 
voltage across the VR tube should 
be held to less than 0.6 volt. When 
neon tubes are used, the maximum 
allowable signal voltage drop across 
them is approximately one or two 
volts, depending on the type of tube 
and the d-c operating current. This 
limit must be observed because the 
signal current variations through 
the glow tube may be sufficient to 
drive it to the point of extinction 
on negative signal current peaks or 
to overload it on positive signal 
currents. Distortion of the wave¬ 
form occurs as a result of either of 
these conditions. 

Impedaaeet of Gas Tubes 

Magnitude and phase angle of 
impedance were measured for the 
four VR types, VR76, VR90, VR106, 
and VR160, and for two common 
neon tubes, rated at 1/25 watt and 
I watt. The frequency range was 
from 20 cycles to 20 kc. The data 
show that impedance does not vary 
much at the lowest frequencies, and 
tests confirm the fact that the mag¬ 
nitude of the impedance given on 
the curves for a frequency of 20 
cycles is very close to the value at 
frequencies from zero up to 20 
cycles. 

The results in all cases indicate 


(1) that there is a steady increase 
of the ohmic impedance with in¬ 
creased frequency; (2) the phase 
angles are always inductive, that is, 
the current lags the voltage by an 
angle between zero and 180 degrees 
(angles greater than 90 degrees in¬ 
dicate negative resistance); (3) 
for a given tube operated within 
ratings, the impedance is reduced 
by increasing the average current 

Figure 2 illustrates the approxi¬ 
mate values of impedances and 
phase angles to be expected from 
typical gas tubes. All the tubes 
tested were made by leading manu¬ 
facturers and were in good condi¬ 
tion. However, impedances differed 
by as much as 20 or 30 percent 
when other tubes of the same type 
and manufacturer were substi¬ 
tuted. Consequently, the curves 
should only be construed as approx¬ 
imate, and exact values from them 
cannot be relied on. This is no seri¬ 
ous disadvantage, because the cir¬ 
cuits in which they are applied do 
not require exact ohmic values, a 
20 percent change in gas tube im¬ 
pedance producing about one per¬ 
cent change in grid voltage. 

Bypass capacitors should be con¬ 
nected across the gas tubes if the 
rise of impedance at high frequency 
causes difficulty. The graph of 
phase angle, which is also approxi¬ 
mate, was drawn by averaging the 
data on each tube for the three 
operating currents 10, 20, and 30 
ma. There is no significant change 
in phase as a function of average 
current except for subnormal aver¬ 
age currents, which produce nega¬ 
tive resistances at low audio fre¬ 
quencies. 

An application of gas tubes is 
illustrated in the circuit of Fig. 3, 
which is a direct-coupled amplifier 
for use in feeding a pair of deflec¬ 
tion plates in an oscilloscope. It has 
a gain of about 400 and is flat 
within 1 db to 10 kilocycles. 


FIG. 2—<%arcicteri8tlcs ol voltoge-rsgula- 
tof qtm labet sad aeon lomps 
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High-Gain D-C Amplifier 

■y W. 8. SIEHiD 


Unbalance resulting from shifting 
grid bias is eliminated by a par¬ 
allel balanced directly coupled am¬ 
plifier that has high gain, low drift, 
fiat response from 0 to 50,000 cps, 
and negligible phase shift to 20,000 
cps. 

CountGrocting Unbolofic# 

Figure 1 shows several directly 
coupled amplifiers. The amplifier in 
Fig. lA is of the push-pull type in 
which the signal is of equal ampli¬ 
tude but opposite phase in the two 
channels. Because drift voltage is 
in phase in each channel it does not 
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add to the signal. Common cathode 
resistors in each stage tend to 
equalize the signal in each channel. 
When several stages are cascaded 
to give very high amplification, ad¬ 
justments on any one stage seri¬ 
ously disturb other stages by affect¬ 
ing the bleeder current common to 
all stages. To obtain amplifier sta¬ 
bility, these interrelating biases 
need to be eliminated. 

In a circuit such as that of Fig. 
IB where individual batteries are 
used to furnish the voltage drop 
between the plate of one tube and 
the grid of the next, any drift volt¬ 
age in a stage appears equally on 
the grids of the next stage and 
therefore does not interfere with 
the signal. However, the drift 
does change grid biases of subse¬ 
quent stages. As this change in 
grid bias is amplified by subsequent 
stages, it may reach proportions 
that shift the bias of final stages 
beyond satisfactory operating lim¬ 
its. Were common cathode resistors 
used, the effect would be decreased, 
but would not be eliminated. 

Difficulty of adjustment and the 
passing on of drift voltages can be 
eliminated by the circuit of Fig. 
1C. The amplifier consists of a 
series of independent stages linked 
with only two connections (shown 
dotted). One connection carries 
the signal; the other, the reference 
voltage. To keep each stage sepa¬ 
rate, individual power supplies are 
used. Only one aide of each stage 
carries the signal, the other being 
to cancel drift vdtages. Any drift 
affecting both tubes of a stage 
equally will not produce a change 
in voltage at the coupling out of 
that stage. 

Because only one channel of the 
balanced amplifier carries signal, 
no special shidding or placement 
of parts is necessary in the non¬ 
signal channel Furthermore there 
can be no interaction between a 
nonsignal half of a stage and any 


other stage, or, because no common 
cathode resistor is used, between 
nonsignal and signal halves of a 
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single stage. As a result the non¬ 
signal halves of the stages can be 
adjusted without affecting the rest 
of the amplifier, and once it is ad¬ 
justed, that half of the amplifier 
can be forgotten. (It is assumed 
that there is no grid current in 
the signal channel. If there is grid 
current, low plate loads can mini¬ 
mize its effect.) 

Because it is impractical for 
components of both channels to 
exactly correspond, some adjust¬ 
ment is necessary. Fortunately ad¬ 
justment of grid bias in the first 
stage will satisfactorily correct all 
succeeding stages. If correspond¬ 
ing components of both channels 
are closed matched, changes in grid 
bias from such a single adjustment 
will not move the tubes out of op¬ 
erating limit. 

Figure 2 shows a four-stage ver¬ 
sion of this type amplifier; filament 
wiring and battery disconnects are 
omitted. The voltage gain is about 
10,000. A final amplifier stage (not 
shown) has been used to bring the 
over-all amplification to either 250,- 
000 or 1,000,000. 

Two variable resistors in the 
cathode circuit of the first stage 
provide balancing adjustment. 
Cathode degeneration is reduced by 
using bleeder resistors. A stepped 
gain control is introduced between 
the second and third stages that 
does not destroy amplifier balance 
or drift cancelation. The capaci¬ 
tors, by lowering a-c impedance be¬ 
tween power supplies, prevents os¬ 
cillation. A dual type tube was 
chosen for the first stage as the two 
sections, being in the same enve¬ 
lope, are more apt to be subjected 


to the same changes. Because of 
the high gain, battery power is 
used to avoid hum. Medium size 
B-batteries (Burgess No. 5308) 
have shown a surprisingly long 
life. A 6-volt storage battery sup¬ 
plies the heater current. The final 
stage can be operated from an a-c 
powered supply. 

Construcfioii ond Ferformonca 

Two amplifiers were constructed 
using standard parts. Resistors 
were of the ordinary metallized va¬ 
riety, each one in the signal chan¬ 
nel being matched to within two 
percent of the corresponding one 
in the nonsignal side. To obtain 
the necessary fineness of adjust¬ 
ment, the 8-ohm vernier was a 
specially made spiral slide wire. 
Signal-carrying wiring was kept 
isolated from other parts where 
possible; a shield was put between 
stages. Input and output leads 
were kept well separated. The 
6SN7 tubes were tested to obtain 
those having the least drift and 
being the least microphonic; so 
the 6SJ7 tubes were selected in 
matched pairs. Both amplifiers 
have performed very well for over 
two years. 

Amount of drift depends largely 
on how closely the input tubes are 
matched and how long a warm-up 
is allowed. Because most of the 
drift is caused by change of cathode 
temperature, the heater current is 
turned on first. Tests with care¬ 
fully selected tubes indicate that, 
after 10 minutes of warm-up. a 
drift equivalent to about 0.5 milli¬ 


volt input signal can be expected 
over two hours. After the first 
hour, if no overloading has oc¬ 
curred, the equivalent drift has de¬ 
creased to about 50 microvolts over 
a two-hour period. 

The frequency response is essen¬ 
tially fiat from zero to at least 50,- 
000 cps, and could be further ex¬ 
tended if compensation in addition 
to the 85-mh inductance in the first 
stage were added. This inductance, 
wound on a high permeability iron 
core, reduces phase shift, which 
comparison of input and output 
signals on an oscilloscope shows to 
be less than 10 degrees at 20,000 
cps. The use of screen-grid tubes 
accounts for the high-frequency 
response with high gain because 
low plate resistances can be used 
without sacrificing amplification, as 
would be the case with triodes. This 
circuit lends itself to the use of 
screen-grid tubes, whereas in many 
d-c amplifiers their use is difficult. 

The amplifier output is neces¬ 
sarily at a relatively high positive 
potential (150 to 200 volts) with 
respect to the input. Thus, only 
the input or the output, not both, 
can be grounded; the other must 
be well insulated from ground and 
handled accordingly. If the am¬ 
plifier drives an oscilloscope, it is 
ordinarily more satisfactory to 
ground the output of the four 
stages shown in Fig. 2, allowing 
the final amplifier plates, which 
should be connected directly to the 
deflection plates of the cathode-ray 
tube, to assume a positive potential 
with respect to ground, and the in¬ 
put to the four-stage amplifier to 
assume a negative potential. 


Stabilized D-C Amplifier with High Sensitivity 


This unplifier is designed to me«e* 
ore very small currents or voltages 
from a high>impedance source. 
Special features Incorporated are a 
new input tube, increased linearity, 


By N. S. ANKER 

good stability, and a regulated 
power source. 

The input tube of the amplifier 
was carefully selected, as low grid 
current is necessary and high am> 


piification desirable. Of many tube 
types tested, the miniature tube 
12BE6 was found to be the most 
suitable. It has a grid current only 
slightly higher than that of special 
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FIG. 1—Input ranges are determined by choosing ralues ol R from 10 to 100.000 
megohms. Lettered lends correspond to those shown In Fig. 2 


electrometer tubes and at the same 
time has the advantage of a high 
amplification factor in addition to 
being generally available and much 
less expensive. Only small varia¬ 
tions were found in the operating 
characteristics of the several tubes 
tested. 

At the most satisfactory operat¬ 
ing point, the plate voltage is 12 
volts, the screen voltage (grids 2 
and 4) is approximately 7.5 volts, 
and the control grid (grid 3) is 
negatively biased to 2.5 volts. Grids 
1 and 5 are connected to the cath¬ 
ode. The heater current is reduced 
to 105 ma. Under these conditions, 
the grid current is about 10"** to 
10 “ amperes and the amplification 
factor is between 200 and 300. The 
tube must be well shielded from 
light and coated to prevent surface 
leakage. 

Amplifier 

The amplifier circuit shown in 
Fig. 1 is based on an amplifier de¬ 
scribed by Roberte\ Three stages 
of voltage amplification are used, 
following by a cathode follower as 
the last stage. For stability, the 
tubes are heated from the regulated 
power source. 

The sensitivity is changed by a 
ShallcrosB No. 4765 switch in which 
the bakelite baseplate has been re¬ 
placed by one of polystyrene. Zero 
adjustment is made by means of Ru 
The meter together with the series 


resistor R^ forms a 1.0-volt meter. 
A 100-/ia d'Arsonval type meter 
is satisfactory but the author pre¬ 
fers to use a galvanometer such as 
Leeds and Northrup No. 2420, es¬ 
pecially when using the decade to 
be described, because the galvanom¬ 
eter can withstand a substantial 
overload without being damaged. 

For more accurate readings, a dec¬ 
ade may be inserted into the power 
source bleeder, and R^ changed to 
make a 0.1-volt meter. The decade 
replaces part of ft for a positive or 
part of fto for a negative input such 
that its total resistance is adjusted 
to give a voltage drop of one volt. 


permitting partial backing out of 
the signal. Each step of the decade 
corresponds to a voltage change of 
0.1 volt. Under these conditions, 
the galvanometer will be on scale 
for only one setting of the decade 
for any input current. This setting 
of the decade is the first digit of the 
reading, the second and third digits 
being read on the galvanometer. 

The input tube is washed care¬ 
fully with absolute alcohol and 
dipped into polystyrene lacquer. It 
must be well shielded against stray 
pick-up, light, and protected from 
sudden temperature changes. It is 
preferable to mount the input tube 
inside an evacuated vessel. A poly¬ 
styrene tube socket is used for it, 
and all input leads are insulated by 
means of polystyrene. 

Capacitor C is used to quench os¬ 
cillations. Depending on the lay¬ 
out, it may be necessary to change 
the connections and/or .size of this 
capacitor to suppress oscillations. 

Power Source 

All supply voltages are obtained 
from the regulated .source .shown 
in Fig. 2 which is powered from the 
115-volt a-c line. The filaments of 
the regulator tubes in the source as 
well as the filaments of the tubes in 
the amplifier form part of the 
bleeder. 

The limiting factors of the stabi- 


























D-C AMPLIFIERS 


283 


lization obtainable are the temper¬ 
ature variationH of the resistors 
and of the characteristics of To 
minimize these effects, the resistors, 
particularly those in the bleeder, 
were Advance wire wound. If it is 
desirable to increase the stabiliza¬ 
tion still further the power supply 
and the amplifier would have to be 
placed in a constant temperature 
chamber. 

The stabilization ratio is greater 


than 25.000. If slightly reduced per¬ 
formance can be tolerated, the bat¬ 
tery may be eliminated and the 
Krid of returned to the midpoint 
of a 100,000-ohm resistor connected 
across 7.. The .stabilizer current 
through the milliammeter is ad¬ 
justed by varying and should 
be set to operate at 185 ma. 

After preliminary adjustment of 
the power source, it and the ampli¬ 
fier should be allowed to run for 24 


hours. During this baking period 
the tube characteristics will largely 
stabilize. Final adjustment can then 
be made. If the instrument is to be 
used continually, it is best to oper¬ 
ate it 24 hours a day as there tends 
to be a small drift during the first 
two hours of operation. Variation 
in line voltage of 10 percent has a 
negligible effect. 

H) S. UohcrtK : Rfjv. »Sci. /w«t. 10. p. 181 
( 1031)). 


Cathode Follower Coupling in D-C Amplifiers 

New screen-coupled cathode follower and phase inverter circuits permit design of three-tuhe 
d-c amplifier operating from a single 250-volt power supply, providing a gain of 60 db with 
flat response from 0 to 20,000 kc and almost unmeasurably low circuit noise level 



coupling botwoon ctogM in o d-c ompllfior 

T he method of coupling between 
stages is one of the difficulties 
in the design of d-c amplifiers with a 
single power supply, because the out¬ 
put of a given stage is usually at a 
high quiescent d-c potential above 
ground. In order to couple this out¬ 
put to the next stage, the high d-c 
potential must be cancelled in some 
manner. 

One method employs a separate 


By Y. P. YU 

power source, as shown in Fig. lA*. 
Here feedback through the power 
supply introduces oscillation or other 
undesirable effects, and highly reg¬ 
ulated power supplies are needed. 

Another method utilizes a type 
VR cold-cathode gas tube, as shown 
in Fig. IB*. The defects of this ar¬ 
rangement are noise due to dis¬ 
charge in the gas, and heavy current 
drawn by the VR tube. 

In order to overcome these diffi¬ 
culties, two methods are introduced 
in this paper. One is a pushpull 
phase inverter arrangement wherein 
a large cathode bias may be employed 
without the usual attendant dis¬ 
advantage of negative feedback, and 
the other involves coupling the plate 
of one stage to the screen of a 
cathode follower stage. 

Phata lavartar Clrcalt 

The quiescent d-c cathode poten¬ 
tial of a vacuum tube can be raised 
to a high value by means of a large 
resistance connected from the cath¬ 
ode to ground. In Fig, 2, the cath¬ 
ode quiescent d-c potential of 7, or 
7. is equal to the voltage drop 
across resistor Jit* Also, Ft is equal 
to Ft»x (the quiescent plate potential 


of 7i) plus Frr (the bias voltage of 
7, or 7,). 

In an ideal phase inverter, the in¬ 
put of Tg should be equal to and 
180 degrees out of phase with the 
input of 7,. Likewise, the output of 
Tg should be equal and 180 degrees 
out of phase with the output of 7,. 
Therefore, the negative feedback 
produced in R* by the plate current 
of 7, is canceled completely by the 



FIG. 2—Pushpull phoss Invsrtsr circuit lor 
d-c omplUlor 
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no. a—Praetleol d-c cmipllftor drcuit •mploylng phaam Inrarimr FIG. 4—Dlr«el.«iirr«Bl amplUi«r using doubls Iriods ohsod ol 
slogs ond rsqulring only 250-vslt plots supply phoss Inssrlsr to concsl plots eurrsnt chongss In first stogs dus 

to ehongss In eothods snrioos 


negative feedback produced in Ri, by 
the plate current of Tg, since they 
are equal and 180 degrees out of 
phase. 

The values of Rj, Rg, Rg, and 
Rg in the circuit of Fig. 2 can be 
calculated as follows: 


Hi 


Rk 


Ehol 4 “ Em 


( 1 ) 

( 2 ) 


where Eg,x is the quiescent plate vol¬ 
tage of Tx, is the bias voltage of 
Tg or Tgf and /»•« is the quiescent plate 
current of T, or Tg, For ideal phase 
inversion, the input of Tg has its 
quiescent d-c potential equal to Eg^x 
and its instantaneous signal com¬ 
ponent equal to minus which is 
the signal component of the grid 
potential of Tg. Since the input of 
Tg is taken at point B, we have 

Ehg IhtaRt ^ Eggi 

, 

Ih — + /m) 

where (£m — /mB.) is the quiescent 
d*e potential at point B, Bm is the B 
power supply roltage, g, is the trans- 
eonduetanee of T, at the operatinff 
point, ^ is the instantaneous signal 
component of the plate current of T„ 
Sm is the instantaneous signal com* 
ponent of the grid potential of T„ 
and —e^KiPt is the instantaneous 


(3) 

(8*) 

(4) 


signal component of the potential 
at point B. 

The magnitude of the input voltage 
at the control grid of T> is set by 
adjusting the ratio of where 

Rt and R, are simply arranged as a 
potentiometer. In other words, the 
ratio E,ti/e„ determines the values 
of R„ and the magnitude of E »et or 
egg determines the value of the ratio 
R*/Rg» 

The value of Rg -f Rb should be 
very large in comparison to be¬ 
cause the potential at point B should 
not change appreciably after con- 





FIQ. S (above)—^Bailc denble-lriode drealt 
need lo conoirt eiieele of eolhode nolee 


no. S Copper right ) B a ric eereeB-oonpled 
eolhode follower drenlt 


FIG. 7 (lower rKht)—Egnfvolent elrenit of 
ecreoBHcsonpled eoUMde fdUowor 


nection of resisibrs Rg + Rg from 
point B to ground. Also, the value 
of Rg should not exceed the allow¬ 
able grid leak value of T», About 8 
to 7 megohms for + is satis¬ 
factory in most cases. 

The ratio Rg/(Rg -f- ft) may be ex¬ 
pressed in two ways: 
the characteristics of these two 


tubes, 

we have: 




6SJ7 


6SN7 

Eui 

■■ 50 volts 

Ektii 

■» 85 volts 

E§91 

•> 40 volts 

Eggg 

« — 2 volts 

Emi 

— 0.6 volt 

/m 

■■ 4 ma 

lho\ 

«■ 2 ma 


» 600X 10-« 
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Calculation gives the following 
values for the resistors: 

Bk • - 50 + 2 

^ Em + 50 + 2 

2Im “2X4X10->* 

6,500 ohms 

^4 , ' E, 

R, + Ru Eu - Im Rt 


Hi ^ 1 

Ri + Rb Ri Oi 


(6) 


Detlga CoatMerofloas 

Suppose a d-c amplifier is to be 
designed by using a 6SJ7 as 7, and 
a double triode 6SN7 as Tt and 
with a plate supply voltage E^h of 
250 volts, as shown in Fig. 3. From 
manufacturer’s specifications giving 

ihEM + lM 


250 

““ 500 X 10-^ X 50 -f 4 X 10“* " 
8,620 ohms 

If R^ + 5 megohms is used, 

from Eq. 6 R 4/6 megohms = 

1/(8,620 X 500 X 10-), R, = 1.14 
ohms, and £• = 5 — 1.14 = 3.86 ohms. 

If the exact values of resistance 
are not obtainable, a potentiometer 
may be used for R« and adjusted to 
the right value. The total voltage 
gain of this amplifier is about 67 db, 
with uniform gain up to 12 kilo¬ 
cycles. A high-gain stage should 
not be used for this type of phase 




inverter circuit because when the 
ratio Ri/Ri is very high, stability 
may be poor unless temperature- 
compensated resistors are used. 

Low Neito Lovol Clreoit 

In Fig. 4, a double-triode 6SC7 is 
used instead of a 6SJ7, in order to 
cancel the change in plate current 
of the first stage due to the changes 
in work function of the cathode sur¬ 
face of the tube.* The basic circuit 
is shown in Fig. 5, and the function 
of this circuit is explained as fol¬ 
lows: 

El => tn — (t'l + it) Hi 

Et — (ii 4" ia) Rt 

where i, and U are plate currents of 
Tt and 7, respectively. When the 
signal input to the grid of Tx is zero, 
ti = Pi (Ex-E m) and u^gJEu 
where Qi and p. are the transcon- 
ductances of Tx and 7« respectively. 
Therefore 

ifi — Et El [gt El + gi (JRi — ft)] ft 

By rearranging and simplifying the 
above expression, we obtain an equa¬ 
tion from which the performance of 
the circuit can more readily be de¬ 
duced : 

cr a, _ ft — ^ ft ft 

When Rt is equal to 1/gt, — 

gtEJtt = 0 and Ei — Et = 0. The 



FIG. S (upper left)—^Pradiecd Tenlon of 
•oroon-coiiplo4 ecrthodo loUowor 


FIG. e (lowor loit ) 8 croo a «coapIod eolhodo 
foUowor wHh higiior aogollTO bla 

FIG. 10 (abovo)»4Aborotory elieiiit neod 
to oblala oerooa dwac t or ii tlci of 017 



FIG. II—Stotic choroctorisHci of 0J7 for 
4 .S-¥o1i bios 



FIG. U—Static cbaroctorlstics of 0J7 for 
0-Tolt bios 


net change in plate current ii due to 
random changes in work function of 
the cathode surface or changes in 
heater voltage is therefore zero. A 
gain of 80 to 82 db can be expected 
from a 6SC7 in this type of opera¬ 
tion. 

The noise level in the amplifier 
circuit of Fig. 4 is down to prac¬ 
tically zero (about 0.01 microvolt 
referred to the input) with the in¬ 
put terminals shorted. The voltage 
gain is 70 db with a flat frequency 
response up to 12 kilocycles and less 
than 1 percent distortion for 5 milli¬ 
volts sensitivity. Only one regulated 
250-volt power supply is required. 
Good stability (practically constant 
output) has been had for a five-hour 
run after the initial warmup period. 
Feedback can be provided from the 
output of 6AE5 to the bias resistor 
of 6SC7 when wider frequency re¬ 
sponse is desired. 

The remarkable feature of this 
method of coupling is that the noise 
level and the distortion percentage 
can be reduced to an extremely low 
value. The operation also can be 
stabilized to a very high degree if 
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Table I — Mathematical Analysis of Screen-Coupled Cathode 
Follower Circuit 


i^ini « input voltage to Ti 
» input voltage to Ti 
Eo\ » output signal voltage from Ti 
Eoi “ output ai^ai voltage from Ti 
rs G ** screen grid resistance of Ts 
Omi “ control grid-to>plate transconductance of Tx 
gmi « control grid-to-plate tranaconductance of 
is a « screen current of 7* 

Rbi =» load resistor in plate circuit of Ti 
Rk *« bias resistor for 7 a 

9'ip « screen grid-to-plate transconductance of TV 

— (yip Etni -h lao) Rk Eint * Et 

_ ^Etnt _ Eol ~ Eoi _^ / ri irr \ 


(Eoi — Ept) (gtp -f- l/ffe) Rk 


E., - (r/..., - iso) Rbx » A\„i Rsx - ^ R, 

Tfl c 

Einl Rbl "f" Eoi Rbl/f'so 
1 -f (/?6,/r,o) 

K-i = (ff., «< + (a,, - B,,) 

A’.,/ (l + !/u fit + 

\ ^so/ \A i- {nbiff^aa)/ 

ir ^ __ gmi ffn (gap + l/rao) _ 



all resistors are temperature com¬ 
pensated and all heater voltaK^s are 
carefully regulated. 

The objectionable feature of this 
method of coupling is that the plate 
supply voltage available for the last 
stage is low < only 95 volts in the 
circuit of Fig. 4).^ This defect can 
be avoided by the method of coupling 
next to be discussed. 

Seraen-Coaplad Cctliod* Followar 
CIrcaif 

If the input of a cathode foUower 
circuit is coupled to the screen grid 
instead of the control grid as in the 
usual arrangement, a circuit is ob¬ 
tained which steps down the quies¬ 
cent d-c potential to as low as a few 
volts at the output of the stage. 


In Fig. 6, the input from the plate 
of the preceding stage feeds directly 
to the screen grid of T,. The output 
of J, is taken from A* and directly 
feeds to the control grid of the next 
stage. The quiescent d-c potential 
at point A, equal to A /.«), 

can be made less than a few volts. 

The equivalent circuit of Pig. 6 
is shown in Fig. 7. The equation 
for the voltage gain can be obtained 
by a mathematical analysis of this 
circuit, as given in Table I. 

When the value of l/r^ is very 
small in comparison with the other 
terms, the voltage gain equation may 
be simplified to 

Ea7 ■* gwl Eiml Rki 9%^ 


Then the gain for the screen-coupled 
cathode follower stage alone is 

Therefore the maximum gain for 
the screen-coupled cathode follower 
stage (being equal to one) can be 
obtained when g^l/R^, When the 
plate current and the screen current 
both are smalls R,, can be made large 
because even with a large A the 
cathode-to-ground potential, equal to 
+ is still not too large 
to make difficult the coupling into 
the next stage. 

The plate current and the screen 
current of a tube can both be 
lowered by increasing the negative 
bias voltage on the tube. Unfortun¬ 
ately, when the negative bias voltage 
increases, the screen grid-to-plate 
transconductance ps„ decreases. 

In Fig. 8, where a 6SJ7 is used 
as the first stage and a 6J7 is used 
as the screen-coupled cathode fol¬ 
lower stage, the total voltage gain 
Epk/Eini is 80 db with 0.85 volt peak 
output. The quiescent d-c potential 
at point A, the output terminal, is 
minus 1.6 volts. This negative 1,6 
volts can be utilized as the bias volt- 



FIG. IS—Stotlc ehofoctorUttct of 6 J 7 for 
9 *volt blot 




F!0. l4~-ttalle eboraelerlsllet of $17 lor 
18^t bkM 
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FIG. 15—ScTMo^coupM cathod*-foUow«r in d< ampUftor hcnrlng FIG. 16—Circuit of Fig. 15 with i••dbclck rMictor. giving 60 db 
76 db Toltogn goin and flat rosponse up to 12 be goin but oxtondlng flat rospenso up to 20 kc 


age for the succeeding stage, and 
therefore point A can be connected 
directly to the control grid of the 
next stage. 

In Fig. 9, with the negative bias 
increased to 12 volts, the quiescent 
d-c potential at point P. the input 
terminal, is 210 volts; after the 
screen-coupled cathode follower 
stage, the quiescent d-c potential at 
point A, the output terminal, is 
minus 1.6 volts. Point A can be 
connected directly to the control grid 
of the succeeding stage, utilizing 
this minus 1.5 volts as the bias vol¬ 
tage. About 8 db loss in voltage 
gain resulted from the screen- 
coupled cathode follower stage. 

The screen characteristics of a 
type 6J7 tube were obtained by use 
of the laboratory setup shown in 
Fig. 10, with results as given in Fig. 
11, 12, IS, and 14. The portions of 
the curves from zero plate potential 
to near the values of the screen grid 
potentials have been neglected, be¬ 
cause the screen currents are so high 
in these ranges that the preceding 
stage might be overloaded; also, the 
curvatures of the plate character¬ 
istics are so high that large per¬ 
centages of distortion may be ex¬ 
pected. Many other types of 
pentodes no doubt are able to serve 
in this kind of arrangement. The 
choice lies mainly in the specifica¬ 
tion required. 

Reielti eed Dlteetsloe 

The amplifier circuit in Fig. 15, 
with a 6SJ7 as the first stage, a 6J7 


as a screen-coupled cathode follower 
stage, and another 6SJ7 as the final 
stage, has a total voltage gain of 
76 db with 2.6 percent total distor¬ 
tion at 15 volts peak output. The 
frequency response is flat up to 12 
kilocycles. The amplifier circuit in 
Fig. 16 is essentially identical ex¬ 
cept that a feedback resistor is pro¬ 
vided from the output of the last 
stage (the plate of the 6SJ7) to the 
cathode of the first stage. The fre¬ 
quency response is raised to 20 kilo¬ 
cycles with a voltage gain of 60 db, 


and the distortion is reduced to leas 
than one percent at 15 volts peak 
output. 

The operation of screen-coupled 
cathode followers is stable with 
wide-band frequency response, be¬ 
cause the circuit is highly degen¬ 
erative. There is no appreciable 
change in output for a six-hour run 
after the initial warmup period. 

A small percentage of distortion 
is to be expected in screen-coupled 
cathode follower circuits due to the 
nonproportional change of screen 



FIG. 17—Proeticol dmilt combiiilBg •eroaB-couplad catboda followar with pushpull 
phoM Invartgr to ghro hktfi^gaiiL wldo4Mmd oporotleii with only a slnglo convoBtloBal 

260 -volt powor oopply 
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current with respect to change of 
screen potential; in other words, the 
screen grid resistance is not exactly 
constant when the screen potential is 
varying; also, the screen grid-to- 
plate transconductance is not ex¬ 
actly constant when the screen 
potential is varying. About 0.5 per¬ 
cent distortion is produced by the 
screen-coupled cathode follower cir¬ 
cuit in Fig, 8 when the output is 
0.85 volt peak value. 

CoBcIvsIeas 

Fortunately, most of the total dis¬ 


tortion in a screen-coupled cathode 
follower circuit (about 86 percent of 
the total distortion in' the amplifier 
circuit of Fig. 8) can be cancelled 
by a pushpull phase inverter ar¬ 
rangement such as the amplifier cir¬ 
cuit shown in Fig. 17. Therefore, 
the pushpull arrangement which has 
been discussed in the early part of 
this paper may be incorporated with 
the screen-coupled cathode follower 
circuit to solve the problem of 
coupling between stages in a high- 
gain d-c amplifier using x>ne common 
power supply of limited d-c voltage 
output. 


The author wishes to acknowl¬ 
edge that this paper was prepared 
in the Electrical Engineering De¬ 
partment of Lehigh University 
with valuable advice from Professor 
E. M. Mode. 
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Resistance-Capacitance Filter Chart 

Values of R and C for both low-pass and high-pass filters are given in terms of the amount 
of rejection desired at any given frequency from 1 millicycle to 1,000 megacycles. 
Chart also gives the reactance of a capacitor at any frequency 


By ERNEST FRANK 


R esistance-capacitance filters 
are frequently used when a 
sharp cutoff characteristic is not 
required and, in the low-pass case, 
when the voltage drop across the 
series resistor can be tolerated. Ap¬ 
plications of the low-pass R-C filter 
include decoupling from a common 
power supply for a multistage vac¬ 
uum-tube amplifier, sin^thlng ^- 
ters f6r “l^W6P Bfij^lies when a 
large voltage drop across the filter 
is not objectionable, and inexpen¬ 
sive hash filters to attenuate hig h- 
frequency disturbances on electri¬ 
cal leadi^ High-pass R-C filters are 
often used as interstage coupling 
networks. 

The circuits of Fig. 1 show the 
R-C low-pass and high-pass filter 
connected to an a-c generator. The 
generator resistance is assumed to 
be negligible compared with i?, and 
d-c voltages are omitted for the pur¬ 
poses of an a-c analysis. R and C 
form a voltage divider, and the 
complex output voltage is given by 

Low-PM.: E. - (la) 

Hi(h-pM8: E. - ^ (lb) 


The magnitude of the ratio of E, to 
E, is 

Sotving the above equations for the 
generator frequenor / gives 


TO 

When the reactance of C is equal 
to R, the ratio \Ei/E^\ is equal to 
\/2. This condition occurs at a 
frequency /• that is equal to l/27tRC 
and corresponds to the frequency 
at which the output voltage is 8 db 
down from the input voltage, ig¬ 
noring impedance levels (db = 20 
logu, \E^/Ei\), Therefore 


Ix>w-paM: / 
High-pais: / 



(4a) 

(4b) 


In low-pass applications the ratio 
\Ei/EJ\ is often selected to be 10 or 
greater. Therefore, £q. (4a) be¬ 
comes 


because \EjE,\*^l. The value oi / 


is given to an accuracy of about 1 
percent by Eq. (5) when \E^/E.\ = 
10. When \Ei/EJ[ = 100, / is given 
to an accuracy of about 0.1 percent. 
The error resulting from the use of 
Eq. (6) is in the pessimistic direc¬ 
tion since the true value of /, ob¬ 
tained from Eq. (4a), is always 
smaller than the value of f given 
by Eq. (6). 

Use of Ckorf 

In high-pass applications, the 
value of /g is usually of primary in¬ 
terest, and is given by /• = l/27cEC. 
The chart in Fig. 2 enables A to be 
read directly in one operation for a 
given value of R and C in either the 
low-pass or high-pass case. When a 
value of \Ei/E,\ equal to or greater 
than 10 is desired in the low-pass 
case, the value of A determined 
from the chart can be multiplied by 
\Ei/E,\. The chart can also be used 
to determine the reactance of a ca¬ 
pacitor at any frequency. The fol- 



FIQ. 1—^Low- end hlgh-poM B-C fUtara ihowa connected to a-c gonorotor 
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lowing examples illustrate the use 
of the chart 

IXOMpI# 1 

A plate decoupling R~C filter 
must attenuate frequencies above 
50 cps by a voltage ratio of 10:1. 
The value of R cannot exceed 4,000 
ohms to avoid an excessive loss in 
d-c voltage. What value of C is re¬ 


quired? From Eq. (6), /. = 50/10 
= 5 cps. From the chart, draw a 
line through /» = 5 cps and R 
= 4,000 ohms. Read C = S/if. 

Ixeaiple 2 

The low-frequency end of the 
8-db pass-band of a resistance-ca¬ 
pacitance coupled amplifier must be 
100 cps. A OM-fd coupling capaci¬ 


tor is available. What value of out* 
put resistance must be used? Draw 
a line through C = 0.01 id and 
= 100 cps. Read R = 0.16 meg. 

Example 3 

What is the reactance of a 0.002- 
id capacitor at 1 megacycle? Draw 
a line through C = 0.002 and /• = 
1 me, and determine A 80 ohms. 
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Contfruefion of Chort 

The chart covers a wide range 
at the sacrifice of accuracy in read¬ 
ability. If greater accuracy is 
desired, it is simple to construct a 
chart which covers a limited range. 

1. Use two sheets of log paper, 
one of which has twice as many 
cycles as the other; for instance, 


two-cycle and four-cycle paper. 
Each complete scale must be the 
same total length. 

2. On opposite edges of the two- 
f ycle paper, write down the resist¬ 
ance and capacitance values in¬ 
cluding the desired range. 

3. Cut a strip of the four-cycle 
paper and prepare to paste it equi¬ 
distant from, and parallel to, the 


R and C scales, in an inverted sense. 

4. Compute for one value of R 
and C included on the scales. 

5. Match the four-cycle fre¬ 
quency scale to the line joining 
these values of R and C and paste 
the scale in place. 

6. Label the frequency scale, us¬ 
ing the computed value of /, as a 
guide to the major scale values. 


High and Low-Pass Filter Design 

• y C. J. MEHCailllT 


M uch of the arithmetical pass audio-filter design can be elim- 
drudgery of high- and low- inated by the use of a reactance 



FIQ. 1—GeneraUsed lmp«dcmc# chart Iran which Impodoacai ora calculated 
hf roactoaea ilida-rttla li tanalBOling Inpodoaca oad cttt*ali Iroguaucy ora glvaa 


slide-rule. For example, the for¬ 
mulas for L and C in a single con- 
stant-K high-pass T-section are 
L = RIAnfofC = 1/z/JS, where fo is 
the cut-off frequency and R is the 
terminating resistance. A simple re¬ 
arrangement of these expressions 
gives 2x(/o/-K)L = 1/2 and 

1 / 21 : (fi,R)C = 1 or, in other words, 
L is the inductance who.se reactance 
at the frequency fo/R equals 1/2 
ohm, and C is the capacitance 
whose reactance at the fre<iuency 
foR equals one ohm. 

The method can be extended to 
other types of sections, and a multi- 
section filter can be designed with 
only two settings of the reactance 
slide-rule, once at fo/R for the in¬ 
ductances and once at foR for the 
capacitances. In multi-section fil¬ 
ters the sharpest cut-off consistent 
with high attenuation outside the 
pass-band is realized by using ter¬ 
minating m-derived half-sections 
with m = 0.6, a full m-derived sec¬ 
tion with m = 0.8, and one or more 
constant-K sections. 

Figure 1 gives the values of the 
reactances in ohms in such sections, 
the coils being evaluated at fo/R 
and the capacitors at foR- 

For example, to design a three- 
section low-pass filter of T-sections 
with R = 500,,«hms and /« = 1000 
cps, first set the rule at 1000/500, 
or 2 cps, and find the inductances 
whose reactances at 2 cps are those 
given on the chart. To find the ca- 
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pacitances, reset the rule at 1000 x tances whose reactances at 500 kc complete filter and its attenuation 
500, or 500 kc, and find the capaci- are those given on the chart. The characteristic are given in Fig. 2. 



R-C Bandpass Filter Design 

Relationships between circuit parameters of a parallebT R-G network, used as the feed* 
back loop in an amplifier that gives the narrow bandpass characteristics of an L>C cir* 
cuit, are determined. Design curves and applications to low-frequency filters are presented 


A n BLEcntoNic nLiBB with nar- 
, bandpass characteristics can 
be made using the R-C parallel-T 
network in a feedback amplifier. By 
choice of component values differ¬ 
ent from those that produce the 
usual null characteristics, the band¬ 
pass characteristics obtained with 
this circuit are more desirable for 
many applications than those pro¬ 
duced by the usual L-Q filter. 

Setaefiva Ne«e«lve fhedbrnk 

Considerable interest has beoi 
shown in the application of resis- 
tanee-eapscitance |paraIlel-T net¬ 
works for feedbacki in vacuum tube 
amplifiers. The arrangement was 
first presented by H. H. Seot^ for 
use as a selective eireuit,and more 
reeentiy A. E. Hastings^ has offered 
an exedlent theoretical analysis. 
Howovor, most of the effort In this 
Hold has been toward the use of the 
paraOel-T network with parameters 
chosen to produce an al^nte null 
at the qwratlng freguency. The 
purpose (rf tills p^per is to describe 


By JACK L. BOWERS 

the excellent practical results 
achieved using the circuit in a se¬ 
lective frequency filter under differ¬ 
ent operating conditions. 

As commonly used, with the cir¬ 
cuit designed to produce a complete 
null, the output of the network can 
be used as a source of degenera¬ 
tive feedback voltage for all fre¬ 
quencies except that at which nuU 
occurs. Transfer charactoristies 
so produced are sharply selective 
forming a cusp shaped curve at the 
desired frequency. Thpiifh this 
s hape is excellent for.selected aonll- 
cations such as wave analysers, en¬ 
gineers find that mos^ needs de- 
mand the ordinary L-C type of res¬ 
onance curve of broader top and 
steeper sides. Less stabili^ is then 
required of all frequency determin¬ 
ing circuits and yet adequate atten¬ 
uation is realized at short distances 
from the selected frequency. As 
will be tiiown, this type of opera¬ 
tion pan be obtained from paraUel-T 
networks when the circuit param¬ 
eters are chosen properly. 


CtreeH Aeelyslt 

It will first be advisable to review 
the equations which describe the 
operation of the parallel-T network 
and establish design constants. For 
simplification, in the circuit shown 
as Fig. 1, the series resistances will 
be considered equal, as will the se¬ 
ries capacitances. The shunt im¬ 
pedances will bear relations to be 
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proven, that produce the frequency 
characteristics described in this 
paper. 

The following four circuital equa¬ 
tions can now be written substitut¬ 
ing for Ec 

Ei'-^hiR^jK/taC) + 

/i ( — jK/otO) ■■ 0 

St + /* (KR - i/wO - ItKR - 0 

$Si + h (R-iiT/wC) - 

/i ( - jK/wC) « 0 

^Si -h ItKR - /, (KR - i/wC) * 0 

If the determinant of the coeffi¬ 
cients of the variables Ei, h, U, and 
/• in the above four equations is set 
equal to zero and the resulting 
equation solved for the following 
relation obtained is the necessary 
condition to be met if the variables 
are to have values other than zero 

KR* - + 

- (2JP«*/«C»}/{ JCfi« - 

(2JCB/-X?) - (2/PB/u‘C*) - {R/i^O) + 
it(JC/«'C») - - 

(2KR/uC) - (iP/«.C)j} 

If £ is set equal to then 

{{«-2JP)+i(X-2«*)}/ 

j(j:-2JC-2JP-l)+i(JC- 

2ir-2jp-i)} 
which reduces to 

^ gJP-f-JC + l 

This equation shows that at a 
frequency where B = 1/isC, 9 is 
real and has a magnitude dependent 
only on K. It K =: 0.5, 0 = 0, and 
the circuit exhibits a complete null. 


It has been shown elsewhere that 
under these cdhditions the network 
produces an abrupt phase reversal, 
changing from 90 degrees to a value 
of 270 degrees at the null point. If 
K is less than 0.5 there is only a 
partial null, and network phase shift 
attains a value of 180 degrees as 
is shown by the real, negative value 
of 3* Reversal from 90 degrees to 
270 degrees occurs more gradually 
as the slope of the curve decreases 
with K. 

Figure 2A shows the resulting 
effect of on the network phase 
characteristic, and Fig. 2B indi¬ 
cates its effect on the attenuation 
vs frequency characteristic. Data 
for both sets of curves were 
obtained experimentally. Discrep¬ 
ancies which are evident in meas¬ 
urement of attenuation in Fig. 2B 
compared to the derived relation of 
3 are attributed to experimental 
error and the finite resistance of 
capacitors used. 

nifer CIrcait 

If the parallel-T network is used 
for a source of feedback in a vac¬ 
uum tube amplifier, a small amount 
of regeneration will be obtained at 
the selected frequency when K < 
0.6. At frequencies on either 
side, the magnitude of the feed¬ 
back signal increases, but its 
phase is then approaching 90 or 
270 degrees, and so the regenera¬ 
tive effect decreases. As the fre¬ 
quency moves farther from the cen¬ 


ter value, the phase becomes such 
that degeneration occurs and the 
amplifier produces a large* degree 
of attenuation. 

When gain of the amplifier is kept 
below the value which will produce 
oscillation due to regeneration at 
the center frequency, an excellent 
filter is obtained whose characteris¬ 
tic is similar to that of L-C circuits. 
Opposing effects of attenuation and 
phase characteristics at the center 
frequency produce a relatively 
broad topped curve, while its sides 
are steep. A filter circuit may be 
designed with values of effective 
Q up to 100 and at frequencies well 
removed from the center the atten¬ 
uation is greater than that of an 
L-C circuit. Typical filter character¬ 
istics are shown in Fig. 3. 

niter AnplHler Detiqs 

A filter amplifier can be designed 
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from the formulas derived above. 
Sharpness of the selectivity will be 
proportional to the effective gain 
of the amplifier, so this is the first 
consideration. Depending upon 
whether a moderate or a very large 
Q is desired, a triode or a pentode 
amplifier will be chosen. For a high 
degree of stability, the amplifier 
may have three stages and employ 
a large amount of additional de¬ 
generative feedbacks which is not 
a function of frequency. 

After design of the amplifier and 
calculation of its gain A a value of 
K will be chosen that gives a net¬ 
work transmission 3 substantially 
less than 1/A, so that oscillation or 
instability is avoided. This value of 
K can he determined from the 
graph of Fig. 4. Upon examination 
of Ae curve, it may be seen that 3 
increases in value until a maximum 
is reached at A = 0.207. At this 
point 3 has a value of 0.0984, which 
is the largest practical value for 
filter amplifier design. The circuit 
resistances and capacitances are 
then chosen according to the de¬ 
sired frequency /o = 1/2% RC. Fur¬ 
ther adjustment of the selectivity 


can then be made by varying the 
amplifier gain, or by changing the 
value of K, which involves the si¬ 
multaneous change of the two shunt 
arms KR and C/K. If only one of 
the shunt arms is changed, there 
will be an accompanying change in 
frequency as well as selectivity. 

A typical pentode amplifier cir¬ 
cuit with parallel-T feedback ap¬ 
pears in Fig. 5. For A of 60 cps 
with R of 265,000 ohms, C of 0.01 
/if, and a of 1/8, Q was between 
2 and 20 depending on the ampli¬ 
fier gain controlled by the screen 
potential. Such a filter would pre¬ 
sent very difficult design problems 
with L and C components and would 
be very large and heavy. A particu¬ 
lar design problem of this type of 
filter is that of maintaining zero 
phase shift in the amplifier at its 
low operating frequency. This con¬ 
dition is obviously necessary, be¬ 
cause it is the phase characteristic 
of the network that controls filter 
operation. A d-c amplifier would 
most efficiently solve this problem 
by eliminating all low-frequency 
phase shift and removing the need 
for bulky coupling capacitors. 

Advcsfaget of Pilfer 

A filter designed in this manner 
has advantages of small circuit 
components at all frequencies and 
a very desirable selectivity charac¬ 
teristic. Because only resistive and 
capacitive components are required, 
the problem of temperature compen¬ 


sation is relatively simple and mois¬ 
ture has little effect. Due to these 
features, this circuit is vastly supe¬ 
rior to an LrC filter at audio and 
low ultrasonic frequencies. At 
highe r frequencies, it will operate 
eyi ally weB, Put tne 1 j- 0 n^orks 
begin to show thelT advantage. 
Compared to other types of R-C fil- 
ters, the circuit described in this 
paper has definite advantages in 
circuits demanding a selectivity of 
relatively broad peak and steep 
sides. Also, consideration of atten¬ 
uation and phase characteristics 
shows that with an amplifier of 
fixed gain, a higher amplitude ratio 
of passed to rejected frequencies is 
obtained, because degeneration is 
about the same in either case, while 
the parallel-T filter supplies addi¬ 
tional gain due to regeneration at 
the passed frequency. 

The author acknowledges re¬ 
search done by Kenneth Jenkins of 
Oakland, California, who upon the 
author's suggestion carried out 
work which culminated in the de¬ 
velopment of the subject circuit. 
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The Effect of Incidental Dissipation in Filters 

Where exact predictions of filter performance are necessary, account must be taken of the 
losses in the network components. The paper presents a method of ascertaining the effect 
of these losses on propagation factor, reflection factor and interaction factor 


By E. A. OUILLEMIN 


Efcef of L#Bt«t 

1. Th« th«or 0 tically infinit* paakt in the attanuation low and tha raflacfion Iom 
ramain finifa. Tha finita valua of tha attanuation (in napart) at such a paak if 
9 ivan by Eq. 25 which thowi tha affact of tha naarnatt of tha peak to tha evtbff 
and tha dapandanca upon Q. Equation 50 glvai tha finita rafiaetion lots (In 
napart) at Its paak for a filtar with a lingla m-darivad Imaga Impadanea, For 
filtart with mora complicatad Imaga Impadanca. tha paak rafiaetion lots It givan 
(in napart) by tha natural logarithm of Eq. 46 or Eq. 47 according to whathar 
tha loitlatt imaga impadanca it raipactlvaly xaro or Infinita at this point. 

2. Ineidantal iotfai cauia tha attanuation to ba nonxaro in tha pau band. 
Hara tha phata it alto tomawhat diffarant from Ih lottlatt valua. Equationt 14 
and IS may ba utad to eomputa tha modlfiad valuat of attanuation and phata 
not only within tha patt band but alto within tha ttop band whara, howavar, tha 
affaett ara lau tignificant and of latt importanca (aieapt at tha paakt at already 
mantionad). Eauations 14 and 15 apply avarywhara axcapt near attanuation 
paakt or naar tha cutoff whara tha tpaclal formulat givan by Eq. 31 and 32 
mutt ba utad. 

In applying thata ratuitt to a compotita filtar tha affact upon tha nat attanua¬ 
tion lott it mott axpaditioutly computed by contidaring aacn filtar taction tapa- 
ratalv and adding tna lottat that found. Tha Q't of tha variout tactlont naad net 
ba atika. Tha affact upon tha rafiaetion loti dapandt only upon tha terminal 
imaga impadanca and nance in velvet only a tingle calculation ragardlatt of tha 
number of tactions forming tha compoilta filtar. 


I N the design of filters it is cus¬ 
tomary to assume that the net¬ 
work itself (apart from the termin¬ 
ating resistances) is lossless. In 
constructing the filter it is, there¬ 
fore, essential to use coils and ca¬ 
pacitors having losses which are as 
small as practicable in order that 
the behavior predicted by the the¬ 
ory be at least approximately real¬ 
ized. Since the size, weight, and cost 
of a circuit element increase as its 
incidental losses are reduced, it is 
significant to know quantitatively 
the effect of incidental loss upon the 
filter behavior in order that a 
.satisfactory compromise may be 
achieved. 

It is not necessary that one be 
able to calculate exactly the effect 
of incidental dissipation inasmuch 
as the design procedure used for 
the lossless structure is quite com¬ 
monly rather approximate. Thus, if 
one designs a filter on the basis of 
its attenuation function alone, the 
so-called reflection and interaction 
losses are for the moment regarded 
as being of secondary importance. 
If the reflection losses are con¬ 
sidered at all, their effect upon the 
net insertion loss is usually re¬ 
garded as being significant only 
over the attenuation band where 
the terminal conditions depart sig¬ 
nificantly from the hoped-for 
matched condition. The interaction 
losses are rarely regarded to be of 
suffleient importance to warrant 
their consideration in the design 
calculation. In cases where such pro¬ 
cedures are inadequate it is better 
to abandon the conventional meth¬ 
ods entirely and design for inser¬ 
tion loss directly. The conventional 
methods, then, are primarily suited 
to situations where the prediction 


of exact performance is unessential. 
In such cases the conventional 
methods are greatly to be preferred 
because of their comparative sim¬ 
plicity. 

The present discussion relative 
to the effect of incidental dissipa¬ 
tion applies specifically to the inter¬ 
pretation of filter behavior accord¬ 
ing to the conventional methods, 
whence it is consistent to adopt the 
point of view that these effecU need 
be determined only to a first order 
of approximation. The simplicity of 
the resulting formulas reveals the 
appropriateness of this attitude. 

laterfffoa Lest 

Before proceeding with the theo¬ 
retical discussion it is essential to 
recall the expression for insertion 
loss. With reference to Fig. 1, the 
insertion ratio is defined as E^lEt\ 
that is, as the ratio of the load volt¬ 


age that would be obtained without 
the filter (Fig. IB) to the load volt¬ 
age that results when the filter is 
inserted between the source and 
load resistances R (Fig. lA). It is 
implied here as usual that the filter 
is electrically symmetrical with re¬ 
gard to its input and output ter¬ 
minals. 

Denoting the image impedance of 
the filter by Zo, and its normalized 
value by So == Zo/R^ the reflection 
coefiftcient common to both terminal- 
pairs becomes 


Writing for the propagation func¬ 
tion y = a + jp, where a and p are 
respectively the attenuation and 
phase functions, the insertion ratio 
reads 

Bt'/Et - 41 ^ (1 - »•»)”» (1 - . ( 2 > 

It is customary to refer to the 
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FIG. 1—8i«iillicoiiC9 ol InMrtion ratio, which is ratio oi load roltagos without fillor 
to lood voltogo obtainod with filtor botwoon sourco and lood 


FIG. 2—^Plots oi ottonuotioa foetor and 
phas# lor Eq. 23 omd 24 



separate factors in this expression 
as follows: 

» propagation factor 

(1 — » reflection factor (both ends) 

(1 — r*e^) = interaction factor. 

With reference to the factor (1 — 
r*)‘' it may be well to recognize that 

+ ^)I (3) 

the quantity in the square bracket 
being the more familiar expression 
for the reflection factor at one end 
of the network. 

Ordinarily the propagation factor 
e'’^ is of first order importance in 
the insertion ratio expression, while 
the reflection and interaction fac¬ 
tors are regarded as being of second 
order. One might, therefore, con¬ 
sider it worth while to determine 
the effect of incidental dissipation 
only upon the factor e\ After some 
reflection, however, one recognizes 
that this conclusion is not quite 
correct since there are some critical 
frequencies (such as the cutoff fre¬ 
quency or the zeros or poles of Zo) 
at which the values of (1 — r*) * 
and (1 — r*6“*^) are important. The 
latter factor is not important in the 
attenuation range where a is large 
or in the transmiscion range where 
Zo^l and hence r ^ 0; but neither 
of these conditions obtain in the 
immediate vicinity of the cutoff fre¬ 
quency. Here the combined factor 
(1 — (1 — r*e'^) must be con¬ 

sidered and the question as to 
whether the effect of incidental dis¬ 
sipation upon its values may be sig- 
nUlcant, must be more carefully in¬ 
vestigated. 

The factor (1 — r“) ' is not im¬ 
portant over the transmission range 
where Zo s 1 and r ^ 0, but in the 


attenuation range where Zo is imag¬ 
inary the conventional analysis 
shows that this factor introduces a 
maximum negative loss of about 6 
db wherever |z»| = 1, and an infinite 
positive loss wherever Zo is critical 
(has a zero or a pole). One may con¬ 
clude that it is not essential to con¬ 
sider the effect of incidental dissi¬ 
pation in this factor except at the 
critical frequencies of Zo, Here this 
effect is definitely of importance be¬ 
cause it limits the reflection loss to 
a finite value which must be deter¬ 
mined. 

To summarize the discussion so 
far, one may say that the effect of 
incidental dissipation upon the in¬ 
sertion ratio, Eq. 2, should be in¬ 
vestigated for 

over the ePtire frequency range 

(1 — at the criUcal frequenciee of 
Zo only 

(1 - (I - at the cutoff fre¬ 

quency only 

In the following paragraphs these 
items are considered in the order 
given. 

Tha Prapafotlos Nscfioii 

Filters to which the present dis¬ 
cussion is pertinent are designed 
without regard for the resulting 
phase characteristic; that is, the 
attenuation requirement is of pri¬ 
mary importance. In such cases any 
desired result may be obtained by 
cascading a suitable number of sim¬ 
ple m-derived structures with ap¬ 
propriately chosen m-values. It is 
significant to observe in this con¬ 
nection that the effect of incidental 
dissipation upon the resultant at¬ 
tenuation and phase shift depends 
only upon the form of the propaga¬ 
tion function and not at all upon the 


structure of the network or upon 
the form of the image impedance. 
If, for the purpose of calculating 
the effect of incidental dissipation, 
one assumes a specific network con¬ 
figuration, the results are not re¬ 
stricted in their application to that 
structure but apply equally well to 
any other configuration having the 
same propagation function. Since 
the overall attenuation loss is addi- 


Tcd>la I—Symbols usod in this 
Articls 

Zo » imago impedance 
/? -■ source or load n^stance 
Zo * Zq/R — normalized value of 
the image impedance, or the 
image impedance referred to 
a one-ohm level 

r » reflection ooefiflcient (com¬ 
mon to both ends since a 
symmetrical network imd 
equal source and load resist¬ 
ances are implied) 

E'tfEo insertion ratio (voltage) 

7 » a -h -> propagation func¬ 
tion (or constant) 
a - attenuation function (or con¬ 
stant) 

/S -> phase function (or constant) 
e - base of natural logarithms 
«7 « propagation factor 
e« — attenuation factor 
In natural logarithm 
* * distinguishes any quantity 
when the effect of loss Is in- 
ciiided 

X ^f/fo - w/m. - ratio of any 
frequency to the cutoff fre¬ 
quency of the filter (assumed 
low pass) 

- 2ir/« * frequency of (theo¬ 
retically) infinite attsnnaikm 
fm/f» 

<^“(-Er+“nr) “ 

unlfonn comhnied Q of coUs 
and capacitors 

Qc ■■ <?forw Qfor« ■■ 

(tfOf etc* 

m » oonsunt appearing in Zobel*s 
theory of m-derivra filters 
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tive, the consideration here may be 
restricted to a single w-derived 
filter constituent, for which the 
propagation function is given by 
the expression 


y 


In 


yo-f 1 
yo — 1 


in which 


(4) 


(a?* ~ !)»/« _ (1 - 
tnx jmx 

For the low-pass filter 


( 6 ) 


* = «/«. «= ///. (6) 
where f, is the cutoff frequency. The 
analysis pertinent to the band-pass 
and other filter classes may be ob¬ 
tained by making appropriate fre¬ 
quency transformations.’ 

The basis for the approximate 
consideration of incidental losses is 
given by the statement* that if the 
function 2 (ju)) is the driving point 
impedance of a lossless network 
then z(jia -I- 8) = is approx¬ 

imately the impedance of the corres¬ 
ponding uniformly dissipative net¬ 
work,* where 



is the average uniform dissipation 
ratio. The asterisk is here used to 
designate the dissipative function, 
not the conjugate value. The process 
applies in unaltered form also to 
admittances and propagation func¬ 
tions. 

The propagation function, accord¬ 
ing to Eq. 4 and 6, is a function of 
the frequency variable jx. If the 
propagation function of the cor¬ 
responding uniformly dissipative 
network is denoted by Y*(y*), one 
has 


T* W * 7 (j* + */«.) (8) 

and a Taylor expansion about the 
point 8 = 0 yields 

VO.)-,(*)- 

According to Eq. 4 and 6 the deriva¬ 
tives appearing here are found to be 


iy _ in 

<b tl - (1 - SI*)!*!!** - ll«/» 


( 10 ) 


and ^ B — 

11 - (1 - (2» - 1)^ 
Substitution of these expressions 


into Eq. 9 yields the desired results. 

Before carrying out this step it is 
useful to observe according to Eq. 
7 that 

2*. * j. 0 1 

— r-' TT" “ TT 

Loio Ccixc Qt 

where is a quantity which meas¬ 
ures the quality of the coils and 
capacitors. The tacit assumption in 
the approximate analysis used here 
is that the Q-values are the same 
throughout the network. However, 
if the filter is realized as a cascade 
of component networks then it is 
clear that the contribution (to the 
total attenuation) of a given com¬ 
ponent depends only upon the Q- 
values of that component. If the 
capacitors are essentially lossless 
(as nrkay usually be assumed), Q, 
is the familiar expression for the Q 
of the coils evaluated at the cutoff 
frequency. 

In Eq. 10 and 11 it is expedient 
to introduce the frequency of in¬ 
finite attenuation by means of the 
relation (applying to w-derived fil¬ 
ters) 

Bs ^ a, « 1 /*o\ 

/. a^ ^ 

With the use of these relations, sub¬ 
stitutions of Eq. 10 and 11 into Eq. 
9, and subsequent separation into 
real and imaginary parts yields the 
following results for the attenua¬ 
tion and phase functions of the 
dissipative filter 

for * <1 (pass band) 

(H) 

a* « a -I- B(x); ^ - A{x) ; 

for * >1 (stop band) 

where 

“ 041 - (1 - 

ki6) 

RM Mad - x’A’,) - I 
4Q‘.ii - i‘r*(i - ) 

in Eq. 13. In the relations of 
Eq. 14, a and are the attenuation 
and phase functions of the lossless 
structure. 

These results are, of course, not 
applicable to points in the immedi¬ 
ate vicinity of the cutoff (x = 1) or 
to points in the vicinity of the in¬ 
finite attenuation peak. For these 
regions it is necessary to derive 
special relationships. It is observed 
that tiie effect of dissipation is to 
add correction terms to the attenua¬ 


tion in the pass band and to the 
phase in the stop band which are 
inversely proportional to the first 
power of Q„ while the corrections 
to a in the stop band and to p in the 
pass band are of second order since 
they are inversely proportional to 
Qe*. It should also be observed that 
the correction terms are increased 
as the frequency of infinite attenua¬ 
tion is moved closer to the cutoff 
1). The results apply also to 
the constant-A; filter since the latter 
is obtained for m = 1 or x = x. 

CO 

Th« Affcnuafieii P«olc 


The effect of dissipation in the 
vicinity of the infinite attenuation 
peak is considered next. Since this 
is the frequency at which the quan¬ 
tity jft of (Eq. 5) passes through 
unity, one may write for this vi¬ 
cinity 

d6) 

Denoting the corresponding func¬ 
tion for the dissipative network by 
y* ijx), and following the pattern 
of Eq. 8 and 9 pertaining to the 
propagation function, yields the 
analogous relations 


yo* {jx) - 4- (17) 

yo* {jx) - yoijx) - j - 

<■« 

Here only the first two terms of 
the Taylor expansion are needed. 
Use of Eq. 16 thus gives for the 
vicinity of the point or^ 



(19) 


According to Eq. 6, 6, and 13, the 
derivative of appearing here is 
found to have the value 



_ 1 

J) 


so that Eq. 19 becomes 



1 + 


{x ^ Xj J - - 

_ 

a-, (ii. -"n 


( 20 ) 


( 21 ) 


The desired behavior of the prop¬ 
agation function for the vicinity of 
the point x xx is obtained 
through substitution of this value 
of Vo* into Eq. 4 in place of v« (And 
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denoting the result by y^). In con¬ 
nection with this step it should be 
observed that the fractional term 
in Eq. 21 has a value small com¬ 
pared to unity throughout the fre¬ 
quency range of interest here and 
that this term, therefore, while sig¬ 
nificant in the evaluation of — 1, 
may be ignored in considering the 
value of go* + 1. Making use of the 
relation expressed by Eq. 12 (with 
u>c replaced by ), one thus ob¬ 
tains the result 


K* - In 


- 1) 


2Q. 




(22) 


Separation into real and imaginary 
parts gives 

■ («». - t) 


In I 


(23) 


and 

»•- 2<”> 
Plots of the functions e“* and p* 
are shown in Fig. 2 for assumed 
values of 0 « =60 and « • = 6/4, 
(m = 0.6). In contrast to the be¬ 
havior of the lossless network it is 
observed that the attenuation («*) 
remains finite at the point x = x^, 
and the phase (/}*) varies continu¬ 
ously from the value « to zero in¬ 
stead of having a discontinuity at 
this point. Equations 23 and 24 are, 
of course, applicable only to fre¬ 
quencies in the immediate vicinity 
of the attenuation peak. Of pri¬ 
mary interest is the value of this 
peak, that is 

In 140. (*».-!)) (26) 

As might have been expected, 
this value increases with and 
decreases as the theoretically in¬ 
finite attenuation peak is moved 
closer to the cutoflF; that is, as the 
value of approaches unity (the 
value of m approaches zero). The 
purpose of using an m-derived sec¬ 
tion with a value at x^ near unity 
is to obtain a rapid increase in at¬ 
tenuation beyond the cutoff. One 
observes that unless the value of 
0^ is sulBciently large, however, 
the desired effect cannot be real¬ 
ized. Equation 26 presents a sim¬ 
ple means for controlling the 


significant factors in a contem¬ 
plated design. 

leliavier •« Mm Cete« 


At the cutoff X = 1 and the value 
of go, according to Eq. 6, is zero. 
One may expect that the effect of 
incidental dissipation is to yield a 
function y,* having a nonzero value 
at the cutoff. It is reasonable to 
assume, however, that this value is 
small compared to unity so that 
one may use the approximation 

- (1 -I- 2,**) • (26) 

and hence, according to Eq. 4, ob¬ 
tain for the value of the propaga¬ 
tion function at the cutoff 


7.* - In (1 -t- 2,.*) -h/r S 2ift,* +jw (27) 
To obtain the desired value of 
Vo*, it is convenient first to write 
Eq. 5 in the form 
,, 11 + 

'* jmx 


(28) 


whence Vo* is had through replac¬ 
ing jx by jx + >/«»•. Since the de¬ 
nominator in Eq. 28 does not behave 
critically in the vicinity of the point 
X = 1, it is moreover essential only 
to replace jx by jx -f s/w. in the 
numerator, and since (j.t- 4 - s/w,)* 


S—x”-t-2yx (*/“»). one has for 
X = 1 


Vo* 


__ , 39 . 

jm ^ ’ 

in which Eq. 12 is also used. Sub¬ 
stitution of this ivsult into Eq. 27 
yields the desired value of the 
propagation function at the cutoff, 
thus 


Separation into real and imaginar>’ 
parts gives the formulas 


at* 


and 


l/LV''* 


X, 


( _ i _V'’ 

VQ.(*'. - 1 )/ 

(nepen) (31) 


1/2 

A* - IT - — (radisnii) (82) 

For m = 0.6 (x^ = 6/4), and Q. 
= 60, one finds «.* = 1/8 neper or 
2.9 db and = x — 1/3 radians or 
161 degrees. It is significant to ob¬ 
serve that the choice of a small tn- 
value (attenuation peak near the 
cutoff) yields a larger attenuation 
at the cutoff and thus partially de¬ 
feats the purpose for which su^ an 


m-derived section is normally used 
unless the factor Q. can be made 
large enough. 


RetecMoa Lew at Mm CriMeal 
VraquMclM of s. 


Since the complete filter struc¬ 
ture to which the present discussion 
is relevant may be a composite one 
having a fairly elaborate image im¬ 
pedance at its input and output 
terminals, it is necessary to assume 
for an expression of the form 
.. . q -x«)«/«(l 

^ 1,1-**/*S)(l-**/*•«)... ' ' 

Inasmuch as the reflection factor 
reads (1 —r)’ and according to 
Eq. 1 


'■■(fTz)’-(TfTs)' 

it is clear that the end results are 
the same whether Eq. 38 or its re¬ 
ciprocal is used for z„; that is, it is 
immaterial whether Za is assumed 
to be midseries (as in Eq. 33) or 
midshunt. 

The critical frequencies of Zu are 
those corresponding to x = .Tg, 
. . . etc. At these points either Zo 
or 1/Zo becomes zero. In the vicinity 
of these points the value of r” ac¬ 
cording to Eq. 34, may be evaluated 
considering Zo or 1/Zq to be small 
compared to unity, thus obtaining 
either 

r* * 1 — 42^,^ (forx * . . .) (S 5 ) 


or 

,•2 « 1 - 4/zof (for X - . . .) (36) 

The reflection factor may, for these 
vicinities, be represented by 
(I - r»)-^ - l/4fo, (forx - xg,**,...) (37) 
or 

(I - H)-* - zo/4, (forx - ... (38) 

The next step is to replace Zo in 
these expressions by the corre¬ 
sponding dissipative function z,^, 
which is accomplished in the usual 
manner through use of the approxi¬ 
mate relation 


^0*(jz) - *0^JX -f “ 


or 

1 1 



according to whether or 1/Sn is 
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zero at the point in question. 

Use 

of Eq. 33 yields 





for ifc « 3. 5. . 


(41) 

and 



/ d W :::r - - 

r v*o 

1 

* 


U - 



' 

fort = .’,4,,. . (42) 


Writing (by analogy to E«i. 12) 

^ » i 

0>k Qk 

one thus finds 

*"*' k [i - w***] 

for fc » 3, 5,.. . 

and 

± - J r 1 

30^ <?*Li 


',43) 


f44) 


for ib = 2, 4,_ 


^45) 


Subjiititution of these expressions 
into Eq. 37 and 38 respectively 
yields the desired results for the 
reflection factor of the dissipative 
network at the critical frequencies 
of thus 


L *• Jt-. 


for k ■= 3, 3, 


:iiut 


<?*ri - ^’z***! 

fo-ik - 2, 4, . . . 


(46) 


(47) 


As an illustration one may con¬ 
sider Zo to be the midseries image 
impedance of the single shunt- 
derived Alter; that is 


(l - 

^ (1 - xya^) 

Then Eq. 47 gives 


/4M' 


(l-ri)’’ = ^(x*i - 1)'^’ (4«i 

The reflection loss at this point is 
In {sS ~ nepers 


In this simple Alter section the 
critical frequency x. is controlled 
by the value of m chosen for the 
determination of x , so that one 
has in this case that is, 

the peak in the attenuation loss 
coincides with the peak in the re¬ 
flection loss. The net loss at this 
point is given by adding the results 
expressed by Eq. 25 and 50, thus 


net loss =■ In ^ 1)1 -f 

(»[%(*»- - !)*/« 

* iw(0“oD (a^oo — 1 )•/*) nepers (51) 


For the numerical values: ~ 50. 

= 5/4 (wi = 0.6) one has 

net loss — hi 112.5 + In 9.37 

in 1,054 (62) 

or in decibels 

not loss = 41 -f 19.4 = 60.4 db (53) 

While the contribution due to the 
reflection loss is moderate, it never* 
theless is a signiflcant help toward 
providing a satisfactory peak loss 
particularly when is chosen 
near unity. This fact is clearly 
appreciated from a comparison of 
the resultant loss as expressed by 
Eq. 51 With that provided by the 
attenuation function alone, Eq. 25. 



no. 4—Attmuotloii cunr» of network for 
two ToloM of Q; m OJS0 


proximated by Eq. 35. The function 
2 /„. according to Eq. 5, is also very 
small in this vicinity and hence one 
may use the approximation 

f -Mr - 1 - 4po (56) 

so that 

»^a-*>«l-4(yo-ft)fl) (67) 


Thus an approximate expression 
for Ft useful for the vicinity of the 
cutoff, becomes 


M9-f gp 


1+^ 


(58) 


Although both Vo and z.. become 
zero at the cutoff, their ratio is 
finite. For example, using Eq. 5 
for and Eq. 48 for Zo gives 
(1 - e»/xS) 
jmx 


F 


1-h 


(50) 


If = Xa, this expression becomes 
for X = 1 

(60) 



two voloM of Qi n » 04SI 


Combiiiod Roiocfloo ood lotoroctlos 
Poctor of Cvtoff 

Thi8 factor reads 


with r* given by Eq. 34, and 



as is evident from inspection of 
Eq. 4. According to Eq. SS, Zo in the 
vicinity of the cutoff (x = 1) is 
very small, and hence r* may be ap- 


Since this result for the nondis- 
.sipative network is finite while the 
attenuation at the cutoff is zero 
unless the effect of dissipation is 
considered, one may conclude that 
the incidental dissipation has a 
second order effect upon the factor 
F and should, therefore, be nc 
lected inasmuch as the effect 
dissipation upon v at the cut 
has been evaluated to a first ord 
only. 

lliMftrstioas 

Figures 3 and 4 illustrate the 
resulting formulas given by Eq, 14, 
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15, 28, and 25 for several different 
values of Q and x or m. Each 
figure shows a pair of low-pass at- 
tenuation-versus-frequency curves 
for the same value of or m but 
for Q*s of 25 and 50. Specifically 
these figures indicate the appear¬ 
ance of attenuation curves for x ^ 
= 9/8 (m = 0.468), and x ^ •—'2 
(m = 0.866) respectively. 

These attenuation curves are 
those obtained from physical com¬ 
ponent networks whose theoretical 
propagation functions are given by 
Eq. 4 and 5 regardless of the corre¬ 
sponding image impedance. For 
example, a component network may 
be any one of the familiar forms of 
single -derived sections shown in 
Fig. 5. Alternately the component 
network may be the .shunt deriva¬ 
tion of the network of Fig. 6C as 
.shown in Fig. 6A; or it may be the 
corresponding midseries .section 
shown in Fig. 6B. Again one might 
consider the series derivation of the 
network of Fig. 6B as shown in 
Fig. 6C, or the corresponding mid¬ 
shunt form shown in Fig. 6D. All 
of these networks have fundamen¬ 
tally the same attenuation function, 
namely one having a single attenu¬ 
ation peak as given analytically by 
Eq. 4 and 5. It is important to 
recognize that the effect of inci¬ 
dental dissipation upon the result¬ 
ing attenuation function depends 
only on the uniform dissipation 
ratios R/L and G/C and not at all 
upon the network configuration or 
the number of inductances or ca¬ 
pacitors involved in the particular 
filter. 



FIG. S—^Fonm ol slagU m-d«flT«d 
••diens 


Figure 7 illustrates the resulting 
insertion loss obtained from cas¬ 
cading two sections like the one 
shown in Fig. 5A or two .section.s 
like the one shown in Fig. 5D, with 
— 9/8 and — 2 respectively. 
The component network for x ^ = 
9/8 is assumed to have a Q of 50 
while that for x — 2 is assumed 

a> 

to have a Q of 25. the point being 
that a higher Q is needed for that 
component network having its at¬ 
tenuation peak nearer the cutoff. 
The insertion loss shown in Fig. 7 
is calculated by adding to the sum 
of appropriate curves of Fig. 8 and 
4 the reflection and interaction 
losses of the lossless constant-A: 
filter calculated according to estab¬ 
lished methods, the effect of dissi¬ 
pation upon the latter being neg¬ 
ligible fthe only peak in the 
reflection loss in this case occurring 
at infinite frequency). 

•ond-pats Fllfert 

In dealing with band-pass filters 
it is customary to make all calcula- 



FIG. 6—Dottbl* ni-d«riT»d Mctions eblolii«d 
through poriomilag a socond m-dorivotion 
upon notworkf of Fig. SB or C 

tions in terms of the so-called 
equivalent low-pass filter which is 
obtained >y simply regarding the 
midband frequency of the band 
pass as the origin of the frequency 
scale for the low pass. This pro¬ 
cedure is, of course, valid only when 
the band width is small compared 
to the midband frequency, but a 
large number of practical cases are 
thus accommodated. 

It is clear that the cutoff fre¬ 
quency (Oe of the low pass is the 
equivalent of half the bandwidth 
of the band pass. If the bandwidth 



FIG. 7—Insortion lou ol a compoolto lUtor 
consisting of two singU m-dsrlTod socUons 
in coscads having ths toIuss m — 0.4S8 
ond 0.866 and Q's of 50 and 25 rsspsc- 
tlTSl7 


of the band pass is denoted by w 
and the midband frequency by u>g, 
one observes that Eq. 12 for the 
band pass becomes 

^ =(61) 

w/2 U>0 \ M’ / IP 

Hence in applying the preceding 
formulas to a band-pass filter one 
must recognize that the pertinent 
Q is Qo multiplied by the factor 
w/2ii>of Q» being the value appropri¬ 
ate to the band-pass structure at 
its midband frequency. Since ia/2<uo 
is small, it is clear that the band¬ 
pass structure must have a much 
larger Q (at its mean frequency) 
for the net results to be comparable 
to those of an equivalent low-pass 
filter. 


Rbfiirbncbs 

(1) OttUlcmln, £. A., ‘‘ConmualcAtloii 
Networkc**, John Wtl^r and Sout, 1 dc.,.Vo 1 
II, p 420. 

(S) loc. cit. p 446. 
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Filters for Electronic Equipment 


Many modern industrial elec¬ 
tronic devices and auxiliary units 
are sources of r-f noise covering a 
wide ranjre of frequencies. As such 
they interfere with radio communi¬ 
cations in all bands. This interfer¬ 
ence is picked up by the antenna 
of the receiver or is fed back into 
the power lines. If the noise gen¬ 
erator is in a well-shielded box, 
then power-line filters should elim¬ 
inate the interference. 

There are a few practical precau¬ 
tions which are not mentioned in 
the textbooks. Most filters for this 
application are broadband pi-type 
configurations consisting of two 
capacitors and a choke (Fig. 1). 
Although the larger the choke, the 
higher will be the attenuation, care 
must be taken not to make this too 
large. If the reactance of the choke 
at the line frequency is tpo high, 
the resultant voltage drop would 







Fig. 1—Popular pl-typo ol liltor undor 
ditcutiioB 


By GERSHON J. WHEELER 

prevent the equipment from oper¬ 
ating properly. F'or example, a 
250-microhenry choke in a 110-volt, 
800-cycle line (this is not an un¬ 
common line frequency today) 
would have a reactance of li ohms. 
If the equipment draws 20 amperes, 
the drop across the choke would be 
26 volts. 

In a-c circuits, and especially at 
line frequencies greater than 60 
cycles, care must be taken not to 
use large capacitors. If the capaci¬ 
tive reactance of the capacitor is 
too .small, the power source may be 
called upon to deliver more cur¬ 
rent than it is capable of handling. 

(^>are mu.st also be taken to pre¬ 
vent resonance at a frequency 
within the rejection band of the 
filter. The coil and second capaci¬ 
tor form a series-resonant circuit 
(Fig. 2) and, at the resonant fre¬ 
quency, a high r-f voltage may be 
developed across the capacitor. 

These problems in design vanish 
if readily available commercial fil¬ 
ters are used, but there still arise 
problems in installation. The filter 
must be well grounded. If there is 
an impedance of any type between 
the filter ground connection and 
the actual ground, r-f energy will 
be fed through the filter back into 
the line. (Fig. 3). 



Fig. 2—Redrawing a pi-network shows 
the resonant circuit iormed by L and C 



Fig. 3—Passoge of r-l current through o 
filter when the unit Is connected to a 
poor ground 


Lastly, it is important to shield 
the input of the filter from the out¬ 
put. If this is not done, the un¬ 
filtered portion of the line will 
radiate and this radiation will be 
coupled into the filtered aide. 


Pi Networks as Coupled Tank Circuits 

A development of the theory of pi networks as they apply to r-f output circuits of trans¬ 
mitters. A design procedure is outlined and curves are given to simplify matching the 
output stage directly to the transmission line or antenna, without an output transformer 

By FREBERIC B. SCHOTTLANB 


T he use of a « configuration of new. However, the proper handling knowledge to engineers who design 
reactances to couple a class C of such a network in this applies- or operate transmitting equipment, 
power amplifier to its load is not tion is far from being common This lack of knowledge generally 
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results in a circuit containing few 
of the obtainable advantages, and 
one whose harmonic attenuation 
leaves much to be desired. 

New Apiireaeh Needed 

Unfortunately for the transmit¬ 
ter engineer, design information on 
It networks is to be found princi¬ 
pally in texts concerning themselves 
with filter and transmission-line 
theory. As a consequence, the sub¬ 
ject is not approached in such a 
manner as to apply directly to the 
problem at hand. When following 
the customary design procedure, 
an infinite number of solutions are 
indicated. Cut-and-try methods of 
adjustment are extremely labori¬ 
ous, and modifications appear to 
give totally uncorrelated results. 
The underlying theory as presented 
in texts is in such form as to give 
little help, since the means for im¬ 
posing the further conditions neces¬ 
sary to obtain the single desired 
solution are by no means apparent. 

If the « network is to replace the 
coupled tank circuit, obviously it 
must perform the same functions. 
In general, the basic requirements 
of the circuit are: 

1. It must transform the load to 
some predetermined imped¬ 
ance. 

2. It must deliver a prescribed 
amount of energy at some 
maximum or required effi¬ 
ciency. 

3. It must provide a preselected 
degree of harmonic attenua¬ 
tion. 


IKe¥i#w of Motcbiog Preblom 


Figure 1(a) is a simplified sche¬ 
matic of a vacuum tube coupled 
through a plate-btin^ transformer 
to a load which may be an antenna 
at resonance or a properly termin¬ 
ated transmission line. Figure 1 
(b) accomplishes the same coupling 
through the use of a network. 
Both will perform the functions 
listed above. 

In the coupled tank circuit of Fig. 
1(a), the first function is controlled 


^Brerltt, W. Output Kotworkt for 
Radio Fr«quen<ur Power AmpllSors. Proc. 
LR.B., IP, Wo. 0, p. 720-7B7, Maj 1P81. 


by correctly choosing the turns ra¬ 
tio of Li and L* and the amount of 
mutual inductance. The second 
function is accomplished by having 
the proper ratio of L, to C. Finally, 
we obtain sufficient harmonic atten¬ 
uation by keeping the circuit above 
some minimum value of Q. In other 
words, we couple in a resistance 
with a definite relationship to either 
reactance. All of these points are 
well covered in existing literature, 
and this knowledge is basic to the 
transmitter engineer. ^ 

Inspection of the t: network of 
Fig. 1(b) does not immediately re¬ 
veal how all this is accomplished. 
We know that a k networkwill trans¬ 
form impedances and act as a coup¬ 
ling device, but how to control the 
efficiency and the Q of the circuit is 
not indicated, nor is this design in¬ 
formation available in convenient 
form. 

Reduefiop of ^ fe L 

In any actual circuit we are not 
concerned with the internal imped¬ 
ance of our cube as such, but rather 
with the impedance into which it 
must work. As a limiting case it 
becomes that impedance which will 
give the maximum transfer of ra¬ 
dio-frequency power under the spe¬ 
cific operating conditions of grid 
bias, excitation and plate voltage 
employed, without exceeding the 
rated plate dissipation of the tube. 
In the circuit of Fig. 2, therefore, 
Ro will be taken to mean the imped¬ 
ance with which we wish to termin¬ 
ate our generator, and not the inter¬ 
nal impedance of the generator it¬ 
self. 

The values of Xr and Xa to match 


Ra to Rq are obtained from the re- 


lations* 




Xr « 

^RoXl 


(1) 


Ra ::b V/Jo Ra ** 

“Xl* 


-RaXl 


(2) 

Ac"" 

Ra db ^Ro Ra “ 



To avoid an imaginary value for 
Xt or Xct 

Xl^^RoRa (3) 

To make Xo infinite in value so 
the output capacitor will drop out, 
we must choose the negative sign 
for the radical and use a value of 
Ro such that 

Ra - ^IRgRa- X? (4) 

This in no way changes the per¬ 
formance of the network, but the 
circuit simplifies to the L network 
of Fig. 3, which may be more eas¬ 
ily analyzed. 

The L network shown in Fig. 3 
is of extreme interest. It is not 
only the equivalent circuit of h tz 
network, but if Ra is taken as the 
reflected resistance of the load, it is 
the equivalent circuit of a coupled 
tank network as well. Here, then, 
is common ground and a means of 
correlating the two circuits. At 
resonance, Xr is equal to Xl, Ro 
was defined as the impedance into 
which we are to work. That is, it is 
the image impedance of the net¬ 
work, so 

Xl - X, - Ro/Q (5) 

Ra - Xl/0 (6) 

From Eq. (5), at any desired Q 
the value of Xt, is fixed, and conse¬ 
quently the value of Xr is also fixed. 
The value of Ra is given by Eq. (6). 
From Eq. (5) and (6) we see that 

Ro - XlVRa (7) 



FIQ. 1— 4llaiplllM repraMatatloa of o dost C r-i output ttogo loodlng o trcmi- 
mltslOB Uao or aatoano ot rotoamieo througli a couplod tcmk dreult <o) and 
threiigli on ogulvolont pi aotwork (b) 
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Limitations of L Notwork 

We formerly intended to find a 
network which would match Rq to 
whatever antenna we had. Because 
of the restriction of Eq, (4), how¬ 
ever, we must now match our an¬ 
tenna to our network. This by no 
means destroys the usefulness of 
the network, for the value of 
which has been obtained is the min¬ 
imum impedance into which we may 
work under the given operating 
conditions. This minimum is en¬ 
tirely independent of the restric¬ 
tions of Eq. (4). 

If the actual load has an imped¬ 
ance greater than Ra it can be made 
to look like Ra so far as its resis¬ 
tance is concerned, by shunting it 
with the proper value of reactance. 
Naturally we shall choose a capaci¬ 
tance for this purpose, since it will 
act to increase the harmonic attenu¬ 
ation. If the actual antenna has an 
impedance smaller than Ra, there 
is nothing we can do about it. Ob¬ 
viously, to increase the impedance 
we must insert a reactance in series 
with Ra. If this is a capacitance, it 
will subtract from Xi, and if an in¬ 
ductance it will add. We may, 
therefore, view the addition of a 
series reactance as a change in the 
value of X/.. If we reduce Xl to 
obtain the required Q, the QXi is 
reduced and Ro is not matched. Sim¬ 
ilarly, it Xl is increased, we again 
obtain a mismatch. 

Fortunately, it is seldom neces¬ 
sary to couple into an antenna 
whose impedance is much below 
that usually found to be the proper 
terminating impedance of the net¬ 
work. At low radio frequencies, of 


course, this difficulty may very well 
be encountered. Although the nor¬ 
mal antenna in this case may be so 
short electrically as to have low re¬ 
sistance, its capacitance in general 
will also be quite low. To resonate 
such an antenna, considerable in¬ 
ductance will be required in the 
loading coil. The resistance of such 
a coil will be comparable to the an¬ 
tenna itself, and added to it, will 
bring the resistance into which the 
network is coupled to a higher 
value. Of course, this added resis¬ 
tance represents a loss, but that 
loss was inherent in the circuit and 
not added by the coupling network. 
The whole matter may be resolved 
as follows: 

At low frequencies (such as radio 
beacon frequencies below the broad¬ 
cast band), it is desirable to use 
a class C amplifier whose generator 
impedance is as low as possible, 
such as a low-voltage, high-current 
tube or tubes in parallel. This will 
make Ro and consequently Ra lower. 
If Ra is still greater than the effec¬ 
tive antenna resistance, the result¬ 
ing circuit would have a higher Q 
than required, and would, in effect, 
be undercoupled. 

When the actual load, which we 
shall call R,,, is greater than Ra, the 
problem has a complete solution. A 
reactance in parallel with Rl will 
give a circuit whose impedance is 
lower than Rl. By properly choos¬ 
ing this reactance, the resistive 
component may be made equal to 
Ra, something which was impos¬ 
sible to do with additions of series 
reactances. This reactance should 
be capacitive, to increase harmonic 
suppression. 


Devalepmaiit of w Clreolt 

It is interesting to note that we 
are throwing off the yoke of Eq. 
(4), since we are now resynthesiz¬ 
ing the original it network of Fig. 
2. However, for simplicity, and to 
maintain the analogy to coupled 
tank circuits, we shall continue to 
use the L network of Fig. 3. We 
shall treat this newly formed paral¬ 
lel circuit as an entity in terms of 
its series equivalent. 

Figure 4(a) shows this parallel 
circuit, where R,. is a load greater 
than Ra, and Xr is the compensat¬ 
ing capacitive reactance necessary 
to make the total circuit resistance 
look like Ra. Figure 4(b) is the 
series equivalent, where Xe becomes 
the effective series reactance of 
Fig. 4(a). It will be as though Xl 
had been reduced. To compensate, 
either Xl or the tuning capacitance 
must be increased. To maintain the 
original conditions, we will natur¬ 
ally increase Xl. 

From Fig. 4(b), 

» ^ j R L X C 



FIG. 4—^Lood with raactoBca la poroUal 
(o), and Its squlTolsat sarlos dicvlt (b) 
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Clearing j from the denominator, 


.A * — 

JBl* -f Xc» 



Rl^ -f Xc» 

(9) 

Xo- 

Rl^Xc 

Rl* -f Xc* 

(10) 


Solving Eq. (9) for Xr now gives 

(”) 

Equation (11) gives the value of 
compensating capacitive reactance 
Xc which will transform Rl into 
Ra* Figure 5 is a family of curves 
for this relationship, where Rl is 
plotted versus Xo for selected 
values of Ra* 

In using Fig. 5, the range may 
be extended by multiplying all of 
the quantities by the same factor. 
For example, assume that it is re¬ 
quired to find the reactance which 


will transform an actual resistive 
load Rl of 60 ohms into one of 20 
ohms. Since there is no curve in 
the range of Ra — 20, we will use 
the Ra ^ 2 curve and assume that 
Rl and Xc are also ten times their 
given values. We enter the graph 
from the left at the point Rl = 6. 
Traveling to the right we find that 
the intersection with Ra =: 2 occurs 
at Xc = 4.2. Multiplying by ten, 
our answer is 42 ohms. 

Equation (10) gives the series 
equivalent reactance introduced by 
Xc, this being the value by which 
Xl will have to be increased to com¬ 
pensate. Figure 6 is a family of 
curves for this relationship. This 
curve is also used in extended 
ranges by multiplying all of the 
quantities by the same factor. Pro¬ 
ceeding with the above example, we 
enter the curve at Xc = 42, and find 



FIQ. 5 —Chart ghrtag Tcdiiie ei oompenfloflag eopoeltlTe rooetaiiee required 
to flMke leod drealt hate oofiect reetotoace lor maldUag ptirpoeee 


the intersection with Ri = 60 at 
Xh = 28 ohms. No factor was in¬ 
volved and the answer is read di¬ 
rectly. 

Since the design procedure for a 
coupled tank circuit holds for the 
equivalent circuit of Fig. 8, any 
calculations which the engineer is 
accustomed to make to determine 
the proper reactances to use for a 
coupled tank circuit hold equally 
well for the network. Of course, 
in most cases only Xc would remain 
the same, while Xl would have to 
be increased by an amount equal 
to the value of Xk. Knowing Xc and 
Q, Ra could be readily obtained. 

Termlnafing Impadonee 

At best, the calculation of the 
generator impedance of a class C 
power amplifier is only an approxi¬ 
mation. An actual measurement un¬ 
der operating conditions is much to 
be preferred. While we cannot do 
precisely that, we are able to do 
what is even more to the point. The 
circuit lends itself admirably to a 
measurement of Ro, the resistance 
with which we actually wish to 
terminate the vacuum tube. 

The circuit of Fig. 8 is set up 
with sufficient metering to obtain 
plate current, plate voltage and 
load current. In place of Ra we may 
use any convenient value which we 
shall call Rj, The circuit is then 
tuned by means of Xr and the out¬ 
put and input powers calculated. 
If we have not exceeded or equaled 
the rated power dissipation capabil¬ 
ities of the tube, Xl is reduced and 
the circuit retuned. This procedure 
is continued until, at resonance, 
either maximum or required power 
output is obtained within the limit¬ 
ations of tube power dissipation. 
In the case of pentodes, the screen 
as well as plate dissipation must be 
watched, particularly if the ratio 
of Xl to JRj is large. Having ad¬ 
justed the circuit we have termi¬ 
nated it with the proper Ho. Since 
we know Rx or can measure it, by 
measuring Xl or Xr we are able to 
calculate Ra. From this data Ra is 
fixed according to the circuit Q 
which is to be used. 

If Rx is much different from Ra 
it is necessary to repeat the adjust* 
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ments and measurements using 
some value of Rx nearer to the cal¬ 
culated jR^. Just when it is neces¬ 
sary to repeat the measurements 
may easily be determined. If Rx is 
quite large, upon adjusting the cir¬ 
cuit for proper impedance the re¬ 
sulting Q will be a low value. If 
it becomes much below 10, the con¬ 
ditions of maximum impedance and 
unity power factor will not occur 
simultaneously, and the harmonic 
generation will be appreciable. 
Consequently, erroneous measure¬ 
ments will result. If, on the other 
hand, Rx is too low, Xi will be large 
in order to bring Ro to its proper 
value. This will result in a condi¬ 
tion of undercoupling. The tube 
will be delivering full output pos¬ 
sible under the conditions, but that 
output will be low as will be the in¬ 
put power. Since the internal im¬ 
pedance of a vacuum tube is a func¬ 
tion of the operating conditions, 
Ro will be different from that un¬ 
der the required load conditions. 

Aafenna Mtosereiiient 

In many cases, the actual antenna 
resistance Ri is not known. This 
too may be found experimentally. 
Since we already know Ro, by re¬ 
placing Rx with the actual antenna, 
adjusting for the required power, 
and measuring Xi or Xr we have 
sufficient data to calculate the un¬ 
known load resistance. Here again 
we should have comparable values 
of load/ and the first measurement 
will generally have to be repeated 
using a value of Rx more nearly the 
same as Ri., Of course, if equipment 
is available, the measurement may 
be made by the substitution 
method. This means, in most cases, 
having available power resistors, 
continuously variable, and with 
neglible or tunable reactance. The 
first method is quite accurate and 
more adaptable to the equipment 
of the normal laboratory or trans¬ 
mitting plant. 

Note that for the antenna meas¬ 
urement, we are not concerned with 
Ro as it will finally exist, but simply 
wish to keep it constant for the 
two measurements, the one with 
Rg and the other with J2 l. To be 
most accurate, therefore, all meter 


readings should be the same for 
both measurements. Low power 
may, of course, be used in this an¬ 
tenna resistance measurement. 

The following outline summar¬ 
izes the procedure to be followed in 
the design of a tc coupling network. 

1. Set up the circuit of Fig. 8 
with any value of Rx, such as Rx. 
Adjust Xl until when tuned by Xr 
the required power output within 
dissipation limits is obtained. 
Measure Rx and Xl or Xt> The re¬ 
quired load impedance Ro is given 
by Eq. (7). 

2. Select a value of Q for the re¬ 
quired harmonic attenuation and 
calculate Xr. and Xt from Eq. (6). 

8. Find the value of Ra from Eq. 

( 6 ). 

4. Replace Rx by Ri., the actual 
load, and adjust the circuit for the 
required power output. Measure 
Xt or Xr, and using the value of 


Ro found in step 1, calculate 
from Eq. (7) solved for Ra, which 
in this case is Rl. 

5. Replace this value of Rl by an 
Rx of approximately the same value 
and repeat steps 1 and 4. 

6. If neither the value of Rx used 
in step 1 nor the value in step 5 is 
approximately equal to Ra, repeat 
steps 1, 2 and 3 using an Rx more 
nearly the same as that of Ra as 
found in step 3. 

7. Find Xv from Fig. 6 or from 
Eq. (11). 

8. Find Xr, from Fig. 6 or from 
Eq. (10). 

9. Increase Xl by Xs. 

If reasonable care has been exer¬ 
cised, the circuit will be found to 
tune within a small percentage of 
the calculated Xr, and the final ad¬ 
justments will be easy to make. 

If Xt was varied very much in 
achieving tuning, this will alter the 
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Q and should be corrected. Let us 
examine the case where Xr was in¬ 
creased for tuning, knowing that if 
it were decreased the reverse pro¬ 
cedure would hold. In order to de¬ 
crease Xr (increase the capaci¬ 
tance) , either Xg must be increased 
or Xl decreased. The effect on the 
power output will clearly indicate 
which is required. An examination 
of Fig. 6 will show whether Xo is 
to be increased or decreased to 
cause the proper change in It 
will be seen that up the point 
where Xc is equal to Rl an increase 
in Xc will cause an increase in Xg, 
When the value of Xc is greater 
than Rl a decrease in Xr is needed 
to cause an increase in Xg. Inci¬ 
dentally, it is just this effect that 
makes the adjustment of a x net¬ 
work by cut-and-try methods so 
confusing to the uninitiated. Not 
only can tuning be accomplished by 
any of the three reactances, but the 
change in the direction of the effect 
of changes in Xc produces appar¬ 
ently uncorrellated results. 

Iioaple 

Probably the best method of ex¬ 
plaining the design procedure is to 
work out a typical design. The fol¬ 
lowing example is actual observed 
data. 

1. The circuit of Fig. 3 is set up, 
choosing initially for Ra the value 
Rm = 60 ohms. Xc is adjusted for 
maximum power output, then meas¬ 
ured and found to be 808 ohms. 
From this, Ra — Xi*iRi ^ 94,900/60 
= 1580 ohms. 


2. Using a Q of 12, Xc Xr - 
Ra/Q = 1680/12 = 132 ohms. 

3. Ra = XJQ = 132/12 = 11 
ohms. 

4. Inserting the actual antenna 
and readjusting for maximum 
power output, Xl is found to be 413 
ohms. From this, Rl = Xl/Ro = 
171,000/1680 = 108 ohms. 

5. Steps 1 and 4 are repeated 

using Rx = 108 ohms. Upon read¬ 
justment, Xl is found to be 425 
ohms, and R» = X'/Rx = 181,000/ 
108 = 1660 ohms. . Replacing 

Rx by Rl and again readjust¬ 
ing, Xl is measured as 417 ohms, 
and Rl = XlVRo = 174,000/1660 = 
106 ohms. 

6. Since /?, and both values of 
Rx are quite different, we will re¬ 
peat steps 1, 2 and 3 using Rx = 15. 
When adjusted now, Xl = 149 
ohms, and Ra = Xl/Rx = 22,200/15 
= 1480 ohms. At a Q of 12, Xl = 
Xr = 1480/12 = 123 ohms, and 
Ra = Xl/Q = 123/12 = 10 ohms. 

7. Using Fig. 5, we enter at 
Rl = 10.5 ohms, and the intersec- 
tion with Ra ^ 1 occurs at Xc = 3.4. 
Since a factor of 10 has been used, 
Xr = 34 ohms. 

8. Using Fig. 6 we enter the 
curve at Xr = 340 and, assuming a 
curve Rl = 105 to exist slightly 
above Rl = 100, we can estimate 
the intersection to occur at Xg = 
30. Since a factor of 0.1 was used, 
Xk =: 3 ohms. 

9. Xl is, therefore, increased to 
126 ohms. 

Our final circuit has Xr — 123 
ohms, Xl = 126 ohms, and Xc = 34 


ohms. It properly terminates our 
tube when loaded by a resonant an¬ 
tenna of 105 ohms, yielding a cir¬ 
cuit Q of 12. In actual practice, 
this tuned almost perfectly as cal¬ 
culated, and the change in Xr to 
produce exact tuning was too slight 
to warrant any further changes. 

Coaclsiios 

The foregoing assumes that 
means for making reactance and re¬ 
sistance measurements are at hand. 
In the field, particularly using 
emergency equipment, this will not 
be so. However, it is hoped that 
sufficient light has been thrown on 
the subject to enable “blind” tun¬ 
ing to be accomplished logically 
and rapidly. 

As a suggestion, start with an L 
network, resonate the antenna, and 
then add output capacitance as re¬ 
quired. Up to a point, increases in 
capacitance and inductance will 
bring up the antenna current. 
Thereafter, the current will start 
to drop off. In other words, at first 
Rl is too large to achieve a low 
enough i?». As Xo reduces the effec¬ 
tive Rl the current will increase to 
the point of overcoupling and exces¬ 
sive power output, as evidenced by 
excessive plate current. Further re¬ 
duction of Rl or increase in Xl will 
be in the direction of low coupling 
and high Q, which is, of course, 
more desirable. For safety, then, 
adjustment is continued in this di¬ 
rection until the plate meter indi¬ 
cates that not too great a plate in¬ 
put is being delivered to the tube. 


Single-Sideband Crystal Filters 

X-cut crystals are used iu multiple>8ection filters for the upper and lower sidebands and the 
carrier frequency. The carrier filter has a pa8s)>and 16 cycles wide between 3'dk points and 
the sid^and filters are flat within 0.6 db for nearly 6 kilocycles 

By PAUL K. TAYLOR 
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an intermediate frequency of 100 
kc and to isolate each of the two 
sidebands. 

Specifications called for a car¬ 
rier filter less than 25 cycles wide 
at points whose response was 8 db 
down from maximum, and 176 cy¬ 
cles wide at points 50 db down, with 
a maximum attenuation of over 70 
db available. 

Since both speech and musical 
programs were to be received with 
high fidelity, each sideband (chan¬ 
nel) filter was specified to have a 
passband 6 kc wide, flat within 
±0.5 db except at the edges where a 
2-db drop from maximum response 
could be tolerated. These edges 
were taken to be 100 cycles and 6 kc 
respectively from the intermediate 
carrier frequency of 100 kc. 

A maximum relative attenuation 
of at least 85 db was desired at all 
frequencies separated by more than 
4 kc from the passband midfre¬ 
quency. This would provide for a 
40-db attenuation of adjacent-chan¬ 
nel signals of equal strength in ad¬ 
dition to a possible unfavorable se¬ 
lective fading differential of 46 db 
between the two channels. 

A piezoelectric crystal such as 
quartz acts electrically^ like the LC 
circuit shown in Fig. 1. For a range 
near the resonant and antiresonant 
frequencies of this electrically 
equivalent circuit, the crystal pre¬ 
sents a reactance whose variation 
is shown by the full-line graph of 
Fig. 4. Suppose that two crystals 
are so cut that the resonant fre¬ 
quency of one coincides with the 
antiresonant frequency of the other. 
The reactances of both crystals are 
then as depicted by the full-line 
and dashed-line graphs of Fig. 4. 

Theory 

If these crystals be connected in 
a bridge circuit similar to Fig. 6, 
or its equivalent lattice, Fig. 2, we 
have the structure of a simple nar¬ 
row bandpass filter. The dashed- 
lines in Fig. 2 indicate lattice arms 
of the same type as those actually 
shown. In Fig. 6, the dashed-lines 
indicate that XX are the two halves 
of a single crystal having divided 
plating. Likewise for YY. 


The bridge circuit of Fig. 6 is 
that of a pure reactance bridge. 
This will be perfectly balanced 
when the reactance between points 
1 and 2 of the circuit is equal to 
that between 1 and 4 and of the 
same sign. The same is true for the 
reactance between 2 and 3 and that 
between 3 and 4. There are two 
frequencies at which this will oc¬ 
cur. On Fig. 4, these are desig¬ 
nated foo„ and f oo„ for the attenu¬ 
ation (theoretically) reaches an 
infinite value at these frequencies. 
Actually, the attenuation will 
merely rise to a maximum value, 
called an attenuation peak, at each 
of the two frequencies of balance 
as shown in Fig. 6. As the fre¬ 
quency of an input signal is in¬ 
creased from /oo„ toward /a, the 
attenuation will continuously de¬ 
crease until it (theoretically) 
reaches zero at /a, the series-res¬ 
onant frequency of one of the pairs 
of crystals. 

For frequencies between /a and 
/a the reactances of the two pairs 
of bridge arms are at each point of 
opposite sign. Hence, signals whose 
frequencies lie within this range 
will pass through the filter (theo¬ 
retically) with no attenuation. Ac¬ 
tually some attenuation is experi¬ 
enced in this range, the amount 
depending on the Q factor of the 
crystals and associated circuit ele¬ 
ments. For this reason, character¬ 
istics of the filters developed in this 
work are shown as relative attenu¬ 
ation versus frequency rather than 
actual attenuation. The region be¬ 
tween /a and /«, as shown in Fig. 6, 
is the passband of the filter. 

In practice, capacitors Ca are 
placed in parallel with input and 
output terminals of the filter. 
Others, Cb, of much smaller capaci¬ 
tance, are connected from input to 
output as bridging capacitors. 

The parallel capacitors adjust the 
separation between resonant and 
antiresonant frequencies of the 
bridge arms and hence control the 
width of the passband. The bridg¬ 
ing capacitors change the shapes of 
the reactance graphs of the bridge 
arms somewhat, thereby changing 
the frequencies at which the two 


reactance curves cross where of like 
sign. Adjustment of the bridging 
capacitors, therefore, controls the 
frequencies of the attenuation 
peaks of Fig. 5. 

The resonant and antiresonant 
frequencies of a quartz crystal are 
separated by only about 0.4 percent 
of resonant frequency (for X-cut 
crystal). Since, as seen in Fig. 4, 
the passband is only double this 
amount, some other circuit element 
must be introduced if wide pass- 
bands are desired. Such an element 
may be an inductance placed in se¬ 
ries or in parallel with each crystal 
of the circuit. These two types of 
connection result in filters having 
low image impedance and high 
image impedance, respectively. 

To avoid stray couplings in the 
channel filters herein described, a 
reasonably low image impedance 
was chosen. This choice called for 
a coil to be connected in series with 
each crystal of the filter circuit. 
The widening of the filter passband 
by the use of coils is due to the 
fact that their addition produces a 
large increase in the separation of 
resonant and antiresonant frequen¬ 
cies of the bridge arms and fur¬ 
thermore extends the upper edge 
of the passband considerably be¬ 
yond the higher of the two anti re¬ 
sonant frequencies of the bridge 
circuit, Fig. 9 and 10. 

For the passband region, the 
image impedance of the filter is 
a pure resistance whose value 
changes from near zero at the pass- 
band edges to a maximum midway 
between them. Terminating re¬ 
sistances considerably lower than 
the midband impedance are used 
in the filters actually built to 
secure’ a better average impedance 
match over the whole passband. 

If all the coils used in the wide¬ 
band filter are wound to have equal 
resistances, or if supplementary 
resistors are inserted to make all 
arms of the equivalent bridge cir¬ 
cuit have equal resistances, it is 
possible’ to consider these resist¬ 
ances as being brought outside the 
bridge circuit proper and incorpo¬ 
rated in the terminating resistors. 
This leaves the bridge as a pure 
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FIG.I - CRYSTAL EQUIVALENT 




FIG 3-ELECTRICAL EQUIVALENT 





FREQUENCY 


FIG 5-FILTER ATTENUATION 



Table I—Eiiect oi Temperature on Attenuation Characteristic 


db 

Freqtienoy (kc) of 

Difference 

Freqiienc: 

fkc) of 

Difference 


Lower 

Side 

cps 

upper 

Sid.‘ 

cq>s 

2 

93.92 

93.93 

-flO 

99 890 ” 

99 868 

— 22 

6 




100 060 

KM). 035 

-25 

10 

93 58 

93 62 

-f to 

100.152 

100 127 

-25 

20 

93.41 

93.44 

-1-30 

100 300 

100.278 

— 22 

30 

93.29 

93.35 

4-60 

100 405 

100.360 

-45 

40 

93.16 

93.21 

+50 

100 .505 

100.480 

-25 


Average 

+38 

Average 

-27 



reactance bridge. Under this con¬ 
dition neither the sharpness of the 
cutoff at the passband edges, nor 
the steepness of the attenuation 
characteristic of the filter is im¬ 
paired by the resistances of the 
coils inserted in the filter lattice. 

Mason' has given mathematical 
formulas from which the values of 
the circuit components of a filter 
section can be cqpiputed after cer¬ 
tain constants have been chosen. 
These are (1) the frequencies of 
the edges of the passband, (2) the 
frequencies of the peaks of infinite 
attenuation, and (3) the midband 
image impedance of the desired 
filter. The formulas refer to the 
electrical equivalents of the crystal 
filter lattice as shown in Fig. 8 
and 8. 

A sample 6-kc filter calculation 


using the wideband filter formulas, 
resulted in the following values. 
Chosen 

Zq 2,000 ohms 

/a - 99.60 kc;/B - 106.70 kc 

/ooi- 98.70 kc;/®, - 107.60 kc; 

/oO| ■■ 00 

Having obtained the values of 
the equivalent electrical compo¬ 
nents of a crystal filter section, the 
next step is to transfer the com¬ 
puted series resonant frequencies 
/s and /• of the crystals to actual 
dimensions of the quartz crystals 
themselves. Equations for accom¬ 
plishing this depend upon the type 
of crystal cut decided upon.'* * 
Calculated 

lo -L,- 44 22inh 
Co S2M 

U - 20.78 h;C,-0.1206 
100.70 ko 

U - 18.68 h: Cl-0.1284 
106.28^ 


The — 18.6-deg X-cut crystal had 
previously been generally used as 
a filter crystal due both to its high 
Q and freedom from the trouble¬ 
some face shear mode of oscillation. 
However, this cut has quite a large 
temperature coeflScient of over 20 
parts per million per degree centi¬ 
grade. 

The -f 5-deg X-cut crystal with 
a width-to-length ratio of 0.85 has 
a temperature coefficient of only 
about 4 parts per million per degree 
centigrade.* Moreover, it is easily 
cut from the mother quartz (in¬ 
volving rotation only about the X or 
electrical axis). It has the disad¬ 
vantage of having a relatively large 
coupling to the face shear mode 
when wide crystals are used. 

Because of the two advantages 
mentioned, the +5<4eg X<vA crys* 
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FIG. 13—A double-section 20-C7cle crystal filter. Capacitors Cg control passband 
width, Ag are terminating resistors. and Ar. are interstage impedance-matching 
resistors and X ore +5-deg X-cut crystols. These components are shown in the 
illustrations on this poge 


tal was chosen for the present filter 
construction. A single-section 
channel filter was found to have a 
spurious resonance due to the 
coupling to the shear mode. The 
response occurred at a frequency 
approximately 116 percent of the 
passband midfrequency and re¬ 
duced the attenuation to within 11 
db of that of the passband itself. 

When a filter of four sections was 
tested, however, no observable indi¬ 
cation of any secondary response 
at all was present. This is evident 
in the graphs of Fig. 14 and Fig. 16 
where the attenuation is 87 db or 
greater for all frequencies more 
than 1.2 kc (1.1 percent) higher 
than the upper edge of the pass- 
band. This desirable result was 
due to the slight differences in 
crystal frequencies for the four 
filter sections resulting from the 
choice of different peaks of maxi¬ 
mum attenuation for each section. 

By the use of equations given by 
Atwood * we find for the -f5-deg 
X-cut crystal that f = llO.S/i/' kc. 

This equation is strictly accurate 
for only very narrow crystals, of 
which y' is the length. The crystals 
were designed to have a width/ 
length ratio of about 0.35 in 
order to secure the -j 5-deg X-cut 
crystal minimum temperature co¬ 
efficient of 4 parts per million per 
degree centigrade previou.sly men¬ 
tioned. As X-cut crystals of larger 
and larger widths are used, the 
crystal frequency constant de¬ 
creases somewhat from that of a 
very narrow crystal.® For a width/ 
length ratio of 0.35 the decrease is 
1.8 percent. Hence the equation is 


modified for the crystals used in the 
present project to 

/ = 108.5/2/' kc 

A preliminary study of the effect 
of interelectrode and stray capaci¬ 
tances together with midband fre¬ 
quency and bandwidth require¬ 
ments for the 6-kc bandpass filters 
dictated the use of very thin crys¬ 
tals. Having chosen a minimum 
feasible thickness and a width/ 
length ratio of around 0.35 the 
equivalent motional capacitance of 
a sample crystal was found by 
measurement of its static capac¬ 
itance together with its resonant 
and antiresonant frequencies. Sub¬ 
stitution of this value for Ca or C, 
in Mason’s equations determined 
the image impedance Zo of the 
filter. This value of Z„ was, there¬ 
fore, used in calculating all the 
electrical components of the 6-kc 
bandpass filters. 

To obtain the sharp cutoff and 
large attenuation required by the 
specifications, a filter of four sec¬ 
tions was built for each of the 6-kc 
channel filters. Two shielding 


cans were used as containers for 
each complete filter, each can con¬ 
taining two filter sections. After 
the filter was mounted, dry air was 
passed through the can which was 
then hermetically sealed. 

Each single-filter section consists 
of two crystals with divided plat¬ 
ing, two coils in shielding cans, each 
equipped with adjustable powdered- 
iron cores, two small, fixed, molded: 
mica capacitors and a tiny bridging 
capacitor. The latter is formed by 
two short lengths of bus bar 
mounted about i-inch apart on the 
bottom of the Bakelite crystal 
mounting base. 

The circuit of each double-section 
filter is shown in Fig. 12. Resistor 
/?«, shunted between the intercon¬ 
nection of each two sections and the 
chassis, together with the resist¬ 
ances of the input and output coils, 
provides a T pad to serve for inter¬ 
stage impedance matching. Ex¬ 
ternal terminations were used with 
each double section filter. 

Each series coil is a universal- 
wound coil on a 1-inch-diameter 
Isolantite form. The coil is 
equipped with an adjustable pow¬ 
dered-iron core, and in use is 
mounted in the shielding can. 

Construction of Carrior Filter 

The narrow-band filter for the 
100-kc intermediate-frequency car¬ 
rier was much simpler in design 
and construction than the channel 
filters described above. 

Calculated values of the motional 
capacitance together with the 
chosen theoretical passband width 
of 40 cycles, and the chosen fre- 
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quencies of the attenuation peaks, 
determined the value of image im¬ 
pedance. 

Here, again, as for the 6-kc chan¬ 
nel terminating resistors of 

smaller size than the image im¬ 
pedance were used to give a better 
impedance match throughout the 
passband. Figure 13 is a schematic 
diagram of the wiring of this 
double-section narrow-band filter. 

Each single section consists 
merely of two divided-plating crys¬ 
tals, two small mica capacitors and 
the terminating resistors. The 
three resistors (at the center of the 
under-chassis view) constitute a 
pi-type attenuation pad of about 7 
db between the two sections. Input 
and output terminating resistors 
are mounted externally to the shield 
can. 

Results and Conclusions 

Each of the two complete four- 
section 6-kc channel filters had an 
insertion loss within the passband 
itself of about 24 db. To compen¬ 
sate for this loss, the filter was fed 
from and into vacuum-tube circuits. 
The tube supplying the signal to 
the input of the filter was a 6J5 
used in a cathode-follower circuit 
for easy Impedance matching. The 
output of the filter was fed to a 
6SK7 pentode amplifer. The result 
was a gain within the passband of 



no. 14—^Attonuotion charactoristic of o 
iovf-soetSon crystal choanol fUtor for 
94.9S.S kc 


1.5 db measured from input to 
cathode follower to output of the 
pentode amplifier. The same type 
of tube-circuit arrangement was 
used with the carrier filter. 

The attenuation characteristics 
of the lower and upper channel 
four-section crystal filters are 
shown in Fig. 14 and 16. The 
average characteristics are as 
follows: 

Width of passband between 
points 2 db down, 5.94 kc; 2-db 
point adjacent to carrier, 134 cycles 
from carrier, passband flat within 
±0.6 db over a bandwidth of 6.73 
kc; bandwidth at 86 db down, 8.10 
kc; attenuation greater than 87 db 
for all frequencies separated more 
than 4.17 kc from the passband 
midfrequency. Tests of the 6-kc 
channel filters at 25C and 50C re¬ 
spectively show a slight narrowing 
of the passband with rise in tem¬ 
perature averaging about two-and- 
one-half cycles per centigrade de¬ 
gree of temperature change. This 
is shown in T^ble I. 

In Fig. 16 are shown two pass- 
band and attenuation character¬ 
istics of the double-section carrier 
filter. These were measured re¬ 
spectively at 26C and 60C. A rise 
of temperature is observed to cause 
the characteristic as ‘a whole to 
shift to slightly lower frequencies. 
The shift averages only 0.44 cycles 



FIG. 15—Atlaauotioa charactartotic of a 
foiir-ooctloB cryatol dioiuiol fUtor lor 
100.M09 kc 


per deg. The bandwidth of the 
filter characteristic measured at 
room temperature is 16 cycles at a 
relative attenuation of 3 db, 22 
cycles at 6 db, 86 cycles at 50 db and 
180 cycles at 78 db. The latter at¬ 
tenuation is maintained for all 
frequencies outside the 180-cycle 
band mentioned. 
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Phase-Shifter Nomograph 


Bridge-type phase-shifting network covering the full range 
from zero to 180 degrees has many applications even 
though it requires ground isolation. The nomograph reduces 
design calculations to one reading with a straight-edge and a 
simple arithmetic calculation 

By RAYMOND E. LAFFERTY 



FIG. 1—Brld««-t7p* phosM-slillting art¬ 
work. oad ▼•ctor diagroon lor tho oxomplo 
■ot forth 


T he bridge-type network shown 
in Fig. 1 is useful for shifting 
the phase of the output voltage to 
any desired value between 0 and 180 
degrees with respect to the input 
voltage. The amplitude of the output 
voltage remains constant at one-half 
the input voltage value for all de¬ 
grees of phase shift. 

In practice, a fixed value of C is 
employed and the value of Rs is 
varied between infinity and zero 
ohms. When is infinity, the phase- 
shift angle is 0 degrees; when R, 
is equal to Rx^ becomes 90 degrees; 
when R, is zero, is 180 degrees. 

The accompanying nomograph fa¬ 
cilitates determining the value of R, 
required to provide a desired phase 
shift angle with a particular set of 
values for J^„ C, and frequency. A 
straight-edge is placed on the known 
values of / and Rx, and the required 
value of capacitance for C is read on 
the C scale. This nomograph is based 
on the fact that the reactance of C 


must equal the resistance of Rx, mak¬ 
ing C equal to Next, on the 

column read the value of K 
corresponding to the desired value of 
phase shift <^. Since K = Rr/Rxf the 
required value of /?, is readily com 
puted as R^ ~ KRx. 

For the example set forth in Fig. 
1, the nomograph gives the value of 


C directly as 0.002 {if and, for =r 
118 degrees, gives K = 0.6. Multi¬ 
plying this value of K by the 0.2-meg 
given value of Rx gives 0.12 meg as 
the required value of R,, The vector 
diagram in Fig. 1 illustrates the 
phase relations of the various volt¬ 
ages in the network for this particu¬ 
lar example. 
















312 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 


The Swinging Filter 

Engineering comments on the purpose, proper design and correct use of variable induc¬ 
tance chokes for filtering the output of rectifier systems. Optimum performance of swing¬ 
ing choke depends upon its use in circuits meeting specifications for which it was designed. 

By ROBERT M. HANSON 


T he so-called swln^rin^r choke is 
often used by designers of recti¬ 
fier-filters as the first element of a 
choke input filter. This type of re¬ 
actor was so named because of the 
characteristic wide variation of in¬ 
ductance as the direct current com¬ 
ponent is varied. This discussion 
will cover the design principles and 
the application of this type of choke 
from both the theoretical and prac¬ 
tical standpoint. A large part of the 
material will apply to the ordinary 
smoothing reactor as well. 

Inductance may be defined as fol¬ 
lows: A coil has an inductance of 
one henry when an electromotive 
force of one volt is induced by a uni¬ 
form current-change of one ampere 
per second. 

Any change of current through 
the winding will result in the gen¬ 


eration of a voltage across the coil 
having a polarity opposing the vol¬ 
tage causing the current change. 
The definition of inductance gives 
the magnitude of this voltage as a 
measure of the inductance. This vol¬ 
tage will be zero when the current 
in the coil is constant. Consequently 
the application of inductance will be 
to circuits where the current is sub¬ 
ject to change. The electromotive 
force induced in the coil is commonly 
referred to as its excitation voltage. 
Alternating current equipment is 
usually specified in terms of root- 
mean-square sine wave terminology, 
and a choke specification is not com¬ 
plete unless the excitation voltage 
and frequency are specified as well 
as the inductance and the average 
value of the direct current flowing 
through it. 


A manufacturer's catalog will sel¬ 
dom list the rating of excitation vol¬ 
tage for an iron core filter reactor. 
In the normal application the max¬ 
imum choke excitation voltage will 
be determined by the direct voltage 
of the power supply and the type of 
rectifier circuit chosen. The insul¬ 
ation test voltage of the choke is 
usually given and the unit recom¬ 
mended for operation in rectifier 
circuits where the direct voltage is 
from thirty to fifty percent of this 
rms test voltage. The unit will have 
been designed to withstand the ex¬ 
citation voltages encountered in this 
service. It would be bad practice to 
insulate the core of a low test volt¬ 
age choke by mounting it on stand¬ 
off insulators and to connect the coil 
in a high voltage rectifier filter, un¬ 
less it had been determined that the 
permissible excitation voltage would 
not be exceeded. Such a condition 
would be characterized by the noisy 
operation, poor filtering, erratic rec¬ 
tifier tube operation (possibly with 
the load shifting from tube to tube), 
and early failure of internal coil 
insulation. 

The manufacturers of filter chokes 
usually catalog the swinging and 
smoothing reactors in sets rated ac¬ 
cording to the direct current capac¬ 
ity. As the requirements of different 
applications will vary, the ratings 
have been standardized by listing 
the inductance of the smoothing 
choke at maximum rated direct cur¬ 
rent, and giving the inductance of 
the swinging choke at both maxi¬ 
mum and at 10 percent of the maxi¬ 
mum rated direct current. Typical 
design values would be 10 henries 
for the smoothing choke and a 
swinging choke with 6 henries at 
rated current and 15 henries at 10 


TABLE OF 

RECTIFIER CIRCUIT 


Type of Circuit 


Single phase 
full wave 

Three phase 
half-wave 

CHARACTERISTICS 

Using 2 
tul)e.s 

Bridge 
using t 
tubes 

Using 

tubes 

Bridge 

using 

tub€» 

Ratio of ac voltage to dc output voltage 

1. Transformer secondary rms volts per 





leg . ' . 

1,11 

1 11 

0.86 

0 43 

2. AC components of rectifier output, rms 
At ripple frequency. 

0.47 

0.47 

0.18 

0.04 

At ripple 2nd harmonic. 

0.10 

0.10 

0 04 

0.01 

At ripple 3rd harmonic. 

0.04 

0.04 

0.02 


Ripple frequency, where / is supply fre¬ 





quency. 

2/ 

2/ 

3/ 

6/ 

Ratio of tube currents to direct current 





Peak anode current. 

1 00 

1.00 

l.OO 

1.00 

Average anode current. 

0.50 

0.50 

0.33 

0.33 
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percent of rated current. An alter¬ 
nate set of values might be 12 hen¬ 
ries for the smoothing choke and 5 
to 20 henries for the swinging choke. 
The companion set of swinging and 
smoothing chokes will usually be 
found to be exactly the same overall 
size, and to have identical coil con¬ 
struction. Curve 1 of Fig. 1 shows 
a typical curve for a 1 ampere swing¬ 
ing choke. 

Ratings of Plltnr Chokns 

Curve 2 of Fig. 1 shows the in¬ 
ductance-current characteristic of 
the regular smoothing reactor where 
the unit is designed for optimum 
inductance at rated current. The in¬ 
ductance at maximum rated current 
is approximately twice that of the 
swinging choke but the increase of 
inductance is only about 20 percent 
at 10 percent rated current. 

Curve 3 of Fig. 1 shows the in¬ 
ductance-current curve of a filter 
reactor designed for constant in¬ 
ductance. These three curves were 
plotted from measurements made on 
reactors having identical coil and 
core sizes. The only difference was 
in the design of the magnetic cir¬ 
cuit of the three units. The swing¬ 
ing choke has a relatively small air- 
gap in series with the magnetic cir¬ 
cuit compared to the gap in the 
unit set for optimum inductance. 

The inductance of an iron core fil¬ 
ter choke may be determined by the 
following expressions: 


L^^KN^plI) ( 1 ) 

where, L is inductance in h3nries, 

K is factor expressing core area, units, 
etc., 

N is number of turns in winding, 
p is permeability of core steel, and 
b is equivalent length ot magnetic cir¬ 
cuit flux path including effect oi 
air gap 

All of these factors except the 
core permeability are essentially in¬ 
dependent of the magnitude of the 
direct current in the winding. How¬ 
ever the permeability factor is vari¬ 
able depending upon the direct cur¬ 
rent magnetization of the core, and 
also upon the a-c flux density in the 
core. An increase of the d-c mag¬ 
netization tends to decrease the per¬ 
meability, while an increase of the 
a-c flux density increases the perme¬ 
ability up to a certain value after 
which further increases of flux dens¬ 
ity results in rapid decrease of 
permeability. The silicon steel com¬ 
mercially used in filter chokes can 
give a permeability change of as 
much as 30 to 1 over the extremes 
of d-c magnetization, and a change 
of 10 to 1 with variations in a-c 
flux density. 

The flux density in the core result¬ 
ing from the direct current in the 
winding is expressed by the follow¬ 
ing formula: 

B it 0.4 w NJ fi, b (2) 

where, B ir is flux density in gauss, 

TT is 3.14, 

N is number of turns in winding, 

7 is direct current in amperes, 
p is permeability of core under oper¬ 
ating conditions, 


6 is equivalent length of magnetic 
path including effect of air-gap. 

This flux represents energy stored in 
the magnetic field and once estab¬ 
lished, no additional energy is re¬ 
quired to maintain it. 

This filter reactor will have an 
alternating voltage applied to the 
winding that is dependent upon the 
amount of ripple voltage requiring 
filtering. The frequency of this volt¬ 
age will depend upon the power line 
frequency and upon the type of recti¬ 
fier circuit selected. With a 60 cps 
single phase, full wave, two tube 
rectifier, the principle component will 
be 120 cps with smaller 240 and 480 
cps components. 

The fundamental relation between 
magnetic flux 0 and induced voltage 
E is: 

E « \(r^KNj4* - KNfAB.t (3) 

where, is effective voltage, in volts, 

K is constant, 

N is numl)er of turns in winding, 

/ is frequency in cps, 
i is total flux in core, 

A is area of core cross section, and 
Bar is flux density (maximum) 

Rearranging Eq. (3) we find 

Bat - l(r*E/KNfA (4) 

The maximum instantaneous flux 
density in the core will be the sum 
of Bar and Bar- The design mukt be 
such that this total does not exceed 
the saturation value for the core ma¬ 
terial used. It is evident from Eq. 
(2) and (4) that the designer may 
set the values of a-c and d-c flux 
densities at any desired value within 



ng. 1—ladiietonea of typicol Iron coro colls intoadod for uso In Fig. 2—Curvos roprosonting tho Tarlotion of ponaoahiUty plotted 

power supply tutor circuits. Cunro 1 roprosouts doslrablo chor- ogalnst mostmuin o-c flux density for Iron coro colls with rory- 

oetorlstles for ono typo of swinging ehokt. Curvo 3 roprosoats Ing dogroos of magaoUc Intoaslty. H, resulting from direct cur- 

ehoraetorlsUcs of ceU whoso Inductance Is ladopondoat of current rent flowing through tho coll. Tho relative values of H for ooch 

through it Curvo 2 roprooonto compromloo botwooa 1 and 3 case Is ladlcatod on tho IndtvUuol curves of tho famUy 
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limits by proper selection of the de¬ 
sign elements of number of turns, 
core area, length of magnetic path in 
iron, length of magnetic path in 
air, grade of core material, and op¬ 
erating point of magnetic material. 

The d-c magnetomotive force in 
gilberts per centimeter will be 

Ho * 0.4 ir AT 7/6 (6) 

where H. is the force establishing 
the flux in the magnetic material 
having a mean length of path 6, 

The relative effects of d-c mag¬ 
netization, and of a-c flux density 
upon the permeability of a core ma¬ 
terial are shown in Fig. 2. The ab¬ 
scissa represents the range of a-c 
flux density from low values to the 
saturation point, the ordinate is pro¬ 
portional to permeability, and the 
family of curves shows the effect of 
various degrees of d-c magnetiza¬ 
tion. It can be seen that for any 
constant value of a-c flux density the 
permeability is a maximum for zero 
direct current, and decreases as the 
direct current is increased. 

Deiifa ef SwlRflag Cliplc«t 

The problem in designing a swing¬ 
ing choke is to cause the inductance 
to increase when the direct current 
in the winding is decreased, and as¬ 
suming the a-c excitation voltage to 
be kept constant. Reference to Eq. 
(1) shows that the change must be 
accomplished by a change in the 
permeability /i. From Eq. (4) we 
see that the a-c flux density will not 
change when the direct current is 
changed and the a-c voltage, E, is 
kept constant. However, Eq. (6) 
shows that the d-c magnetomotive 
force is directly proportional to the 
direct current in the winding. 
Therefore, when the direct current 
is decreased, the value of H from 
Eq. (5) will decrease, the resultant 
permeability shown on Fig. 2 will 
be increased, and consequently the 
inductance will increase as shown by 
Eq. (1). 

If the magnetic path of the reac¬ 
tor consisted entirely of iron the 
change of inductance would be di¬ 
rectly proportional to the change in 
permeability. This sets the absolute 
limit for the inductance ratios of 


a swinging choke at the permeability 
ratios resulting from the maximum 
and minimum values of magnetomo¬ 
tive force. 

A reactor with no air gap in the 
magnetic circuit, and carrying di¬ 
rect current, would have a relatively 
large value of H and therefore a low 
permeability. Placing an air gap in 
the circuit would increase the effec¬ 
tive length of path shown as b is Eq. 
(5) and result in greatly decreased 
H. This increased effective length 
of magnetic circuit, and the value of 
increased permeability due to de¬ 
creased H, may be substituted in the 
inductance formula Eq. (1). It may 
be found that the increased per¬ 
meability more than compensates for 
the increased magnetic path and the 
result is that the choke with the air 
gap will have a higher inductance 
when carrying direct current than 
the choke with a closed magnetic cir¬ 
cuit. It will also be found that there 
is an optimum value of air gap giv¬ 
ing a maximum inductance and this 
value will be different for each value 
of direct current. As the amount of 
direct current is increased the opti¬ 
mum air gap will also become larger. 

Swlnq CliokR AdivttmeNtt 

The swinging choke is adjusted 
with an air gap that is at the opti¬ 
mum value giving high inductance 
at the lowest current and conse¬ 
quently the gap will be smaller than 
optimum at the high current and the 
inductance at high current will be 
low. Reference to Fig. 1 shows this 
effect clearly. Curve 1 shows a reac¬ 
tor with a small air gap giving 20 
henries at 0.1 ampere d-c and only 5 
henries at 1 ampere. Curve 2 shows 
the gap adjusted for the maximum 
inductance of 10 henries at 1 
ampere. This large air gap mini¬ 
mizes the effect of permeability 
variations and the inductance only 
increases to 12 henries at 0.1 ampere 
dc. Curve 3 shows the effect of a 
very large air gap resulting in an 
inductance below the maximum at 1 
ampere, but it is practically constant 
regardless of variations of direct 
current. 

The engineer designing the swing¬ 
ing reactor will calculate the induc¬ 


tance at both the low and high cur¬ 
rents. The design is modifled until 
these two inductances are the values 
specified. Further investigation 
must then be made to be sure that 
the core material is not saturated at 
the high value of current. After the 
reactor is assembled the air gap may 
be adjusted until the inductance at 
the high current is the exact value 
specified. The inductance at the low 
current is then measured. If this 
value of inductance did not meet the 
specifications it would be necessary 
to correct the entire design as both 
inductances cannot be independently 
adjusted by means of the air gap. 

Ripple Volfoqe CoRtlderotioet 

The value of the a-c excitation 
voltage is necessary in designing 
these reactors. Figure 2 shows the 
permeability change with flux den¬ 
sity, and indicates how it drops to a 
very small value after the density 
exceeds a certain value. This means 
that a reactor might be designed and 
tested to give a specified inductance 
at an excitation of 10 volts r.m.s. 60 
cps, and yet when the choke is in- 
.stalled in the filter where the excita¬ 
tion is 1500 volts 120 cps it could be 
unsatisfactory. However the prac¬ 
tice of measuring the choke at such 
low excitation is perfectly satisfac¬ 
tory providing it has been designed 
for the operating conditions, and 
this measured inductance is consid¬ 
ered as a figure of merit for the re¬ 
actor rather than the actual operat¬ 
ing inductance to be used in circuit 
design. 

The references on the subject of 
filter design, given in the bibliog¬ 
raphy, explain in detail how to de¬ 
termine the size of reactor and 
condenser required for a specific 
ripple percentage, and for proper 
limitation of peak rectifier tube cur¬ 
rent. A portion of the standard table 
of rectifier design data will be given 
here for discussion purposes. The 
data of this chart was determined 
assuming choke-input filter with in¬ 
finite inductance, zero voltage drop 
in tubes and choke, and perfect 
regulation in power transformer and 
supply line. 

The chart shows that the rectifier 
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live reactance. As the inductive re¬ 
actance of the choke becomes smaller 
with decreased inductance it will 
approach equality with the reactance 
of the condenser and the voltage 
across the reactor will increase. If 
the reactance of the choke and con¬ 
denser become equal we have a con¬ 
dition of series resonance and the 
voltage across the reactor may be¬ 
come much greater than the actual 
ripple voltage from the rectifier. 
This condition of series resonance 
must be avoided as it will result in 
high peak current through the recti- 
output will have a fundamental rip- flow of alternating current through tubes, excessive voltage across 
pie frequency that is dependent upon the reactor L and the parallel im- choke, and high ripple 

the supply frequency and the type pedance of the condenser C and the voltage at the load, 
of rectifier circuit used. With a 60 resistance R, However the reactance vector relationships between 

cps supply the regular full-wave cir- of the condenser is so much smaller voltage the choke 

cuit will have a principle ripple than the resistance of the load that excitation voltage jF.,, and the out- 
voltage at 120 cps and the magnitude the actual load resistance has little P“^ ripple voltage across the con- 
of this ripple voltage is shown to be effect upon the magnitude of this denser E, are shown in Fig. 4. If 
47 percent of the direct voltage. The alternating current. choke is a pure reactance the 

three-phase half-wave circuit would The peak value of the excitation voltage induced will lead the current 
have a fundamental ripple voltage at voltage of the filter reactor L will deg. The voltage drop of the 

180 cps and have a root-mean-square be equal to the product of its re- condenser will lag the current by 
value equal to approximately 18 per- actance and the alternating current deg. The input voltage Eac will 
cent of the direct voltage. The three- flowing in the winding Le„ \/TE,e = 

phase full-wave bridge rectifier volts. ' Examination of the vector dia- 

would have a fundamental ripple gram shows that the choke excita- 

voltage at 360 cps and an r-m-s value Avoiding Rotononco Effects voltage will tend to be greater 

equal to 4 percent of the direct than the filter input ripple voltage, 

voltage. this current is to be calculated It is also evident that a decrease of 

The exact magnitude of the vari- circuit must be solved by the use inductance will result in increased 

ous ripple components will differ complex algebra as the reactor voltage drop across the choke as 

from the values given in the chart consists of an inductive reactance well as increased ripple voltage 
in actual practice because of non- series with a resistance depend- across the condenser, 
sinusoidal waveform of supply volt- ® choke, and the Under operating conditions with 

age, reactance in the power trans- condenser is in series with these two the usual rectifier-filter combination, 
former, resistance in filter reactor, dements and consists of a capaci- the excitation voltage for the input 
voltage drop in rectifier tube, and an 
input reactor with an inductance 
that is not relatively infinite. 

A single-phase full-wave rectifier 
circuit is shown in Fig. 3. The out¬ 
put of the rectifier is delivered to 
the load R through a single section 
choke input filter consisting of the 
reactor L and the condenser C. This 
6-{if condenser will have a reactance 
of approximately 220 ohms at 120 
cps. The load resistance R was ad¬ 
justed from 1000 to 10,000 ohms to 
give a direct current range of 1 
ampere to 0.1 ampere when Vrf,=1000 
volts. There will be a flow of direct 
current through the reactor and the 
load resistor R. There will also be a 




Fig. 3—Schematic wiring diogram of tingle-phase, full-wave rectifier, filter and 

load 





316 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 



Fig. 5—D-C voltag* regulation lor tho 
full woTO roctUior circuit of Fig. 3« lor tho 
throe chokoo whoso Tarlotion of induc¬ 
tance with saturotlon current is shown 
graphically In Fig 1 


filter reactor will have an approxi¬ 
mate root-mean-square value equal 
to 50 or 60 percent of the d-c out¬ 
put voltage. This means that the 
choke excitation voltage for a filter 
in a single-phase full-wave supply 
delivering 3000 volts d-c would be 
about 1500-1800 volts r.m.s., at 120 
cps if the supply is 60 cps. The re¬ 
actor for this service must be de¬ 
signed with sufficient turns and 
adequate core area to avoid exces¬ 
sive flux density and saturation of 
the core. A 5-henry, l-ampere re¬ 
actor designed for service in a 400 
volt d-c supply would not operate 
in place of a 6-henry, l-ampere re¬ 
actor designed for use in a 3000 volt 
d-c power supply. However the high 
voltage unit would be satisfactory 
in the low voltage supply providing 
the low excitation did not result in 
low inductance. It is also perfectly 
possible that both units might meas¬ 
ure 5 henries at 1 ampere dc and an 
excitation of 10 volts 60 cps. 

The actual current iif the winding 
of the input filter reactor has been 
shown to consist of a steady current 
to the load with a superimposed al¬ 
ternating current flowing through 
the filter condenser. If the reactance 
of the condenser be considered neg¬ 
ligible compared with the reactance 
of the reactor, this alternating cur¬ 
rent will be E,t/2i:fL, where E^e is 
the ripple voltage at the filter input. 
The peak value of this current will 


be equal to \/2E„, /2r,fL amperes. Now 
as long as this peak value of current 
is less than the direct current flow¬ 
ing in the reactor there will never 
be a period of zero current in the 
choke. But if the direct current be 
reduced in value to less than this 
peak alternating current there will 
be a period of zero current for a 
part of each cycle. The rectifier 
tubes pass current in one direction 
only and prevent passage of the 
negative part of the alternating cur¬ 
rent. The action is somewhat simi¬ 
lar to overmodulation of a high level 
class C radio frequency amplifier. 
During these periods of zero cur¬ 
rent through the reactor, the load 
current must be supplied by the fil¬ 
ter condenser charge. At the be¬ 
ginning of the next conducting cycle 
the rectifier current will rise to a 
high value and restore the con¬ 
denser charge. The limiting condi¬ 
tion is obtained when the load has 
been removed entirely and then the 
filter condenser will become charged 
up to the peak value of the trans¬ 
former secondary voltage. 

This analysis indicates that as 
the load current is decreased the rec¬ 
tifier will operate properly with good 
regulation until the point where the 
direct current has a magnitude equal 
to the peak alternating current flow¬ 
ing in the filter reactor, and then as 
the current is further removed the 
direct voltage will rise until it 
equals the crest value of the trans¬ 
former voltage as a limit. As the 
direct current is reduced below this 
critical point part of the alternating 
current cycle will be cut off, conse¬ 
quently its r-m-8 value will be de¬ 
creased. This will result in decreased 
JX drop in the filter condenser and a 
lower value of measured ripple 
voltage. 

Curves 3 of Figs. 5, 6 and 7 show 
measured values of these effects 
using the circuit of Fig. 3, and a 
3-henry reactor shown on curve 3 of 
Fig. 1. The approximate formula 
for determining the critical direct 
current in amperes was given as 
follows: 

/ » V^£?../2ir/L (6) 

As this was a 1000-volt rectifier we 


take, from the table, 0.47 times 1000 
to get the value of the 120 cps rip¬ 
ple voltage Substituting in Eq. 
(6) gives us 


/ 


V2 X 470 
(i.28 X120 X 


0.3 ampere 


The measurements show this to be 
the critical current. Curve 3 of Fig. 

5 shows a sudden rise in direct volt¬ 
age as the direct current is reduced 
below 0.3 ampere. Curve 3 of Fig. 

6 shows a sudden decrease in the 
condenser displacement current as 
the direct current is reduced below 
0.3 ampere, while Fig. 7 also shows 
the corresponding sudden decrease 
in ripple voltage. It must be re¬ 
membered that the current of Fig. 6 
is an average value over the com¬ 
plete cycle and actually the peak 
value through the rectifier may be 
increasing seriously. 

Equation (6) may be rewritten to 
give the minimum value of induc¬ 
tance in henries that is required for 
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Fig. 6—Currant through tho lUtor con- 
donoor. C of Fig. 3, lor choko coilo whoso 
choroctoristics oro givon in Fig. 1. Tho 
numborod curvos horo tho corrospondlng 
sigaillconco la Figs. 1. 5. 6. cmd 7 
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a given set of voltage and current 
operating conditions: 


The minimum inductance for our 
filter operating from 0.1 to 1 am¬ 
pere d-c is determined from Eq. (7). 
At 1 ampere L must be more than 
0.9 henry and, at 0.1 ampere L must 
be more than 9.0 henries. 

Curve 2 of Figs. 5, 6 and 7 show 
the operation with choke 2 of Fig. 1. 
The inductance varies from 10 to 12 
henries. The regulation is satisfac¬ 
tory, the condenser current decreases 
very slightly due to the 20 percent 
increase of inductance, and there is 
a corresponding slight decrease in 
ripple voltage as the direct current 
is decreased. The ripple voltage is 
approximately one fourth that ob¬ 
tained with the 3-henry reactor. 
This reactor would have adequate in¬ 
ductance at every current to permit 


proper operation of the filter. 

Solution of Eq. (7) above showed 
that the inductance must be at least 
0.9 henry at 1 ampere d-c and in¬ 
crease to 9.0 henries at 0.1 ampere. 
If filter reactors were to have a con¬ 
stant inductance that was inde¬ 
pendent of the magnitude of the di¬ 
rect current, it would be necessary 
to install a 9-henry reactor. But if 
a unit could be constructed to have 
0.9 henry at 1 ampere, 9 henries at 
0.1 ampere dc and be above the 
critical inductance for all inter¬ 
mediate current values, it would 
serve the purpose and quite pos¬ 
sibly would be smaller and cheaper 
than the 9-henry constant induc¬ 
tance unit. The swinging choke is 
the answer to this problem. 

The selection of the proper input 
filter reactor requires consideration 
of several factors. If the direct cur¬ 
rent requirement of the load cir¬ 
cuit is constant there would be no 


purpose in installing a swinging in¬ 
put choke. The smoothing type 
would provide higher inductance, 
better filtering and lower choke ex¬ 
citation voltage. If the direct cur¬ 
rent is subject to variation over wide 
limits, a swinging choke will un¬ 
doubtedly be the proper choice. If 
the future current requirements 
cannot be predicted it would be wise 
to install the swinging choke as a 
precaution. The approximate form¬ 
ula, Eq. (7) should always be used 
to determine the minimum permis¬ 
sible inductance at the maximum and 
minimum current conditions. 
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Transient Delay Line 

Design criteria for a pulse-delay network useful in radar, 
television, or test oscilloscope work. With highest fre¬ 
quency component of the transient known, a simple, 
graphical solution is possible for required values of induct¬ 
ance and capacitance 

By JOHN M. LESTER 


W HEN designinsr special elec¬ 
tronic equipment, it is often 
necessary to provide some method of 
delaying or storing electrical infor¬ 
mation for a given length of time. 
U this memory time is in the order 
of microseconds, an electrical net¬ 
work with special characteristics 
can be designed and constructed 
quite easily. Except for a small 
amount of attenuation, the signals 
applied to the network input will be 
faithfully reproduced at the output 
after the required time has elapsed. 

By dkoosing the correct value of 
m in an m-derived low-pass filter, it 


is possible to obtain a phase-shift 
characteristic that is fairly linear 
with frequency for almost the entire 
pass band. If a transient signal is 
passed through this filter, it will be 
delayed in time by an amount equal 
to j8/2ff/ where p is the phase shift 
in radians at a frequency /. No phase 
distortion will occur if the phase 
characteristic of the filter is linear 
up to the highest frequency included 
in the transient signal. By placing 
sections of these filters in cascade 
any desired delay can be obtained. 

The effect of m on the phase-shift 
characteristic of one section is shown 


by the solid-line curves in Fig. 1. p 
is plotted against u/oi. for various 
values of m. The broken-line curves 
in Fig. 1 show how the slopes of the 
solid-line curves vary with The 
ordinate is expressed in terms of 
Because p = mT, this also equals 
y8/(w/<i),). We see that when m 
equals 1.4, the phase shift is fairly 
linear up to 95 percent of the cutoff 
frequency, and the average value for 
Tw, can be taken from the curve as 
2.73. To), will never vary more than 
±- 2.98 percent from this value for 
frequencies below 95 percent of 
cutoff. 
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FIG. 1— charoet«riitici lor ono 
•octlon oro ihown by tho solid linos. Tho 
doshod linos show how tho slopos Tory m 
tho cutoff froquoncy is opproochodL ox- 
prossod in torms of Tw* 


cutoff frequency of an w-derived 
filter is 


/e- 


irV(L-{-2Af)CH-4C(- M) 
Since k (coefficent of coupling) * M/L) 

then /e “ — r 

X V(LC + 2W/) C + 4C(-A:L) 

1 


T yl{LC -h 2A^) C - AkLC 

_ 1 _ 

\4cl\\ - 2K) 

2 


(.)«i 


(9) 


(9a) 


VCL (1 - 2Jb) 

Substituting Eq. 9a in Eq. 8, we 
get 


T ^ 1.36 VCL (1 — 2k) when m — 1.4 (lOj 
With the use of Eq. 10 the time 
delay of an w-derived filter, when 
m = 1.4, can be calculated. 


Torminafiag fbo Filter 

So that no reflections will occur, 
it is necessary to terminate the filter 
correctly. Assuming the filter con¬ 
sists of pure reactances, then the 
terminating resistance, 


Figure 2A shows a T section of an 
m-derived low-pass filter. Substitut¬ 
ing a value of 1.4 for tn, we get 
L\ ■» vfiljkl*2 ■■ 0.7il!>i 


(1 ~ m*) 


4m 

C - mCk « 1 ACk 




/?<.=• VWC* (11) 

Substituting Eq. 6 and 7 in Eq. 11 


(1) 

/2o« 

j, (2m) 

J (m^+l) 

(2) 

Since 

1 C/m 

k -M/L, \ 

(3) 

and 7 



i 


h (2m2) 

C(m»-fl) (12) 


We can see that L', is negative. 
This negative value of U% can be 
obtained by using the network shown 
in,Fig. 2B. The network with mutual 
inductances is equivalent to the net¬ 
work of 2C. Therefore 

vnJjkl2 Z//2 -1" M. 
mCk =» C 

Substituting Eq. 4 in Eq. 5 we get 

Letting To). = 2.73 which is the value 
we previously determined from Fig. 
1, then 


2.73 


(8) 

We 


2.73 

0.435 

(8.) 

2wT 

“ T 


Cvteff Prequescy 


This derivation shows that T is 
inversely proportional to the cutoff 
frequency. Referring to Fig. 2C, the 


(4) 

( 5 ) 


or 


(m^ + 1) . 

(4m) - 1 

(m,-f 1), “2(m»+ f) 


2k (m* 4- 1) « m* - 1 


2km^ + 2ifc « m* - 1 

and 


m* 


1 -f- 2k 
1 - 2k 


(13) 


(14) 


(Ha) 


Substituting in Eq. 12, we get 


R, _ (16) 

Substituting the value of 1.4 for 
m in Eq. 14a, we see that k = 1/6. 

The chart shown in Fig. 3 is based 
on Eq. 10 and 16 which, when re¬ 
duced to their simplest form, are 


T 

Ho 


when m » 1.4 


l.llVLC 
l.lfiVZTC 

Use •# Chert 


(16) 

(17) 


Knowing the delay time for one T 
section and the terminating resis¬ 


tance, the correct inductance and 
capacitance for the filter can be de¬ 
termined from the chart. As many 
sections as desired may be added in 
cascade to give any time delay de¬ 
sired. The total delay will be T times 
the number of sections. 

It must be remembered that the 
chart is fairly accurate only if it is 
used for frequencies below 95 per¬ 
cent of cutoff. 

Using Eq. 8, we see that 
_ 9-435 XjU)5 _ 0.41 

/max — - •— (18) 

Suppose we have a transient signal 
which we want to delay one micro¬ 
second. We want the impedance of 
the network to be 1,000 ohms. Also, 
the highest frequency contained in 
the transient signal is one me. What 
will be the constants of the network? 

Examplp 

Knowing we first determine 


Ip C’»mCK 
(A) 


LA 

nmir 


M-,. 




L/2 


( 8 ) 


lA+M lA+m 

—— nsmp 




(C) 


FIG. 2—Davplopmat of o T Motlmi of on 
ffkdvrivpd low-poM iUtar. (A) Th« toIim 
of L\ ii fhown to bo noqotlTO oad la 
obloi^ la proetlco by Ibo drcult of (B). 
(C) donoostfoloa Ibo dorIvolioB of tho out- 
oU Ivoqiioacy 
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the maximum delay T per section 
realizable. 

or r = “ o tl X 10-» 8HC 

The number of sections will be the 
total time divided by 7, or 10 7(0.41 
X 10-) = 2.44. 


Therefore, three sections are the 
minimum to be used. With three sec¬ 
tions we will have (lO'VS) = 0,83 x 
lO * seconds delay per section. From 
the chart we can determine L and C. 
We see that L = 260/ih and C = 340 
/x/xf. Therefore, the networks will 


have the constants shown in Fig. 4, 
when k = 1/6. 

The following are practical prob¬ 
lems that must be taken into consid¬ 
eration when constructing a delay 
filter: 

(1) Providing small attenuation. 
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FIQ. 4— Tht— T ■•ctlont form a filter net¬ 
work to delay a transient signol 10 micro¬ 
seconds. Impedonce of the network is 
1,000 ohms and the highest frequency con¬ 
tained in the tronsient is 1 me 

(2) Obtaining the correct coeffi¬ 
cient of coupling. 

(3) Preventing reflections. 

The attenuation of the network 
depends upon the Q of the capacitors 
and inductors. Usually the loss due 
to the capacitors is negligible and can 
be neglected. The attenuation for 
frequencies lower than 95 percent of 
cutoff is approximately equal to 


ti)r/2Qx. nepers, where T is the delay 
time in seconds. Qi can be increased 
in several different ways. The size of 
the wire used for winding inductors 
can be large. However, this will in¬ 
crease the physical size of the filter 
and hence increase stray capacitance 
between coils. If the frequencies in¬ 
volved are in the order of 100 kc to 
4 me, the use of litz wire will help 
to increase Q,,, Also, Q,, can be in¬ 
creased by using powdered-iron 
cores. 

The coefficient of coupling can be 
controlled by varying the spacing be¬ 
tween adjacent coils. The spacing 
.should be adjusted so that the coffi- 
cient of coupling is equal to 0.16. 

Unless the network is terminated 
in its characteristic impedance or a 
close approximation to it, echoes or 
reflections will occur when transient 
signals are inserted. Usually when 


several sections are used in cascade, 
a sufficiently good termination will 
be obtained when both ends of the 
network are terminated with capaci¬ 
tors equal to C/2. However, if a 
more perfect termination is desired, 
a half-TT section where m i= 0.6 can 
be used. 

It is good design practice to try to 
use a network as low in impedance 
as possible. This reduces the size of 
the inductors and hence reduces the 
stray capacitance between coils and 
permits an increase in the Q of the 
coil, in turn producing less phase dis¬ 
tortion and less attenuation. 
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Propagation of Very Short Waves 


A definitive statement, based in part on the experience of the MIT Radiation Laboratory, 
of some of the factors governing propagation at frequencies from 100 to 30,000 me 


By DONALD E. KERR 


T he accelerated wartime devel¬ 
opment of radar and associated 
equipment has brought to light new 
and interesting information con¬ 
cerning the mechanism of propaga¬ 
tion of radio waves at frequencies 
above 100 me. In many respects 
these very short waves behave like 
visible light, but in other respects 
they behave quite differently. Ac¬ 
curate description of the mechan¬ 
isms involved necessitates borrow¬ 
ing techniques from such widely 
separated fields as physical optica, 
quantum theory, and meteorology. 
This article is intended to outline 
briefly some of the problems in¬ 
volved, and to present a few of the 
principles employed in their solu¬ 
tion. The experimental data quoted 
here were obtained by the Propaga¬ 
tion Group of the MIT Radiation 
Laboratory operating under Con¬ 
tract No. OEMsr-262, but the gen¬ 
eral information summarizes the 
activities of many investigators in 
various parts of the world. 

Oiit-Way Propogofioii in Free Spoce 

The most useful way of express¬ 
ing the radiation of energy from 
an antenna is in terms of the an¬ 
tenna pattern function or radiation 
pattern, /(^,<^). It expresses the 
ratio of field strength radiated in 
the direction B, ^ to the field radi¬ 
ated in the direction of maximum 
transmission (where S = 0). 


In general / is a complex quantity, 
but in the interest of simplicity this 
fact will be ignored in the follow¬ 
ing treatment. The generalization 
to complex / is obvious. For the 
special case of a uniform or iso¬ 
tropic radiator, / is unity for all 
angles, but for the usual directive 
antennas / is unity along the axis 
of symmetry (B = =0), and de¬ 

creases with increasing values of 
either angle. The power gain G of 
a particular antenna relative to a 
reference antenna is easily shown 
to be* 


^ diir 


( 1 ) 


where G is the solid angle occupied 
by each antenna pattern and fr is 
the pattern of the reference anten¬ 
na. If the reference antenna is iso¬ 
tropic the numerator of Eq. 1 is 
All antenna gains used here are re¬ 
ferred to the isotropic radiator. 

The power gain in Eq. 1 is evi¬ 
dently related to the power flow 
from the antennas, given by the 
Poynting vector S. The magnitude 
of this vector giving the power 
flow across a unit area normal to 
the direction of transmission from 
a directive antenna in free space 
is given in terms of the radiated 
power distance R, gain G, and 
pattern function /« by 

(2) 


where the subscript t .serves to 
distinguish the transmitting an¬ 
tenna from a receiving antenna of 
different characteristics. 

It is frequently desired to find 
the three-dimensional coverage dia¬ 
gram of a given antenna. This is 
the locus in space of all points at 
which either the electric field or 
Poynting vector assume some par¬ 
ticular assigned value. These values 
may be stated in absolute measure 
(in volts per meter or watts per 
square meter), or they may be spe¬ 
cified relative to the value of either 
of these quantities at some refer¬ 
ence distance from the antenna. In 
mks units, the rms electric field E 
and time average of the Poynting 
vector are related by S = ^/120x. 
Then Eq. 2 yields 


VsoPtOi 

H 


ft (B,^) 


volts per meter (3) 

A familiar special form of Eq. 3 
is that for the field strength in the 
equatorial plane of a half-wave 
doublet, for which G = 1.64; 


^ 7 V Pt/R volts per meter {3a) 

In particular, if we denote by E, 
and S. the field strength and Poynt¬ 
ing vector at a reference distance 
R» in the direction of maximum 


* For further diacuMlon of anipniia di* 
rectlvity and gain aee Scbelkunoff, ‘*Klec- 
tromagnetic Wavea,” Chapter 9, D. Vau 
Noatrand and Co., New York 
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FIG. 1—Geometry ol reflection from a plone earth. The gimple FIG. 2—Coverage diagram, over a plane earth, lor vertical 

propertiee ol tide figure con be opplied to the real earth ai polariiation. In the cose ehown. the reflection coefficient de- 

■hown in Fig. 3 creases with increasing angle of incidence 


transmission £q. 2 and 3 lead to 



|/i 

I 


(4) 


These three relations may be sum¬ 


marized by one simple equation 


R ^ Rf\ ft (5} 

where. 

«/“«.||*| ( 6 ) 

Equation 5 specifies the distances 
defining the locus of points at which 
the field strength has a specified 
value E, This locus is a surface 
with the shape of the antenna pat¬ 
tern, enclosing a volume depending 
upon the particular value of E, 

In order to abstract energy from 
the radiated field, a receiving an¬ 
tenna is oriented in the general 
direction of the transmitter. It may 
be characterized by its effective 
area Ar or by its gain Gr, which 
depends upon Ar and upon the 
wavelength X by Gr = The 

effective area is commonly i to I 
of the geometrical area, and refers 
to orientation for maximum recep¬ 
tion ; see Schelkunoff, first foot¬ 
note. The power intercepted by the 
antenna, Pr, is the product of the 
incident Poynting vector, the ef¬ 
fective area, and the square of the 
receiving antenna pattern function: 


Pr - (»,*) P (»'.♦') (7) 

where the angles describe the orien¬ 
tations of the two antennas rela¬ 
tive to the line joining them. 

Assuming that both antennas are 
aligned for maximum reception 
(/, = /, = 1), we may determine 
the maximum range to which satis¬ 


factory reception can be obtained. 
This maximum range will be called 
the free-space detection range Po. 
At this range the received power 
Pr will be reduced to the minimum 
useful (barely perceptible) value, 
denoted by P^m. The determination 
of P„i„ is often a difficult process, 
and is outside the scope of this 
paper. For the present purpose we 
assume Pn,,„ to be known. Then 
Eq. 7 becomes 

/e, - ( s ) 

4ir 

This important equation states the 
relations between the system para¬ 
meters and the best possible free- 
space performance. The free-space 
range Po has become a generally ac¬ 
cepted yardstick of performance. 
It is instructive to consider a nu¬ 
merical example to obtain orders of 
magnitude likely to be encountered. 
Assume that a microwave communi¬ 
cations system has the following 
characteristics: P# = 10 watts; P«i« 
= 10"” watts; X = 10 cm; antenna 
diameters = 1 meter and effective 
areas 2/n = 0.637 times the geo¬ 
metrical value, giving a gain of 
200x. These values, inserted into 
Eq. 8, give a free-space range of 
50,000 km, or 31,000 miles I Such 
fantastic ranges are never observed 
in practice, of course, because of 
the effects of the presence of the 
earth, which will be described pres¬ 
ently. 

It should be noted that if Ro = 
Rf in Eq. 5 and 6, these equations 
define the volume in free space in¬ 
side which satisfactory reception 


can be obtained, and the maximum 
permissible space attenuation of 
electric field. In particular, if we 
confine ourselves to the vertical 
plane (<;> = 0), a polar plot of P = 
RJ(0) is called the free-space cov¬ 
erage diagram. As will be seen 
later, the earth and atmosphere 
usually distort it to a marked 
degree. 

In this section we shall assume 
that the earth is plane, and that its 
effects can be expressed by a plane- 
wave reflection coefficient, r = 
the ratio of field strength in a plane 
wave reflected from the surface to 
the field incident upon it. The re¬ 
flected wave is attenuated by the 
factor p and is retarded in phase by 
an angle Both p and ff> depend 
upon the earth constants, wave¬ 
length, polarization, and angle of 
incidence as discussed in the second 
installment of this paper. 

The modification of the free- 
space distribution of field strength 
may be expressed conveniently in 
terms of a quantity termed the pat- 
tern-propagation factor, repre¬ 
sented by F. It is chosen to express 
as nearly as possible all of the fac¬ 
tors external to the system, i.e., 
those involving the antenna pattern 
and propagation effects alone. Its 
definition is: F is the absolute value 
of the ratio cf electric field at a 
point under stated physical condi¬ 
tions to the maximum possible free- 
space field at that point. In sym¬ 
bols. 



where Fo, the maximum free-space 
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field, is given by Eq. 3 with /t {6, <p) 
==: 1. Because of its usefulness we 
shall focus our attention primarily 
on F, or on 20 log.oF, the actual field 
strength relative to free-space field 
strength expressed in decibels. The 
significance of F will become clear 
from the following illustrations. 
(Note that under free-space condi¬ 
tions F is just |/|). 

As shown in Fig. 1, energy 
travels from one terminal to the 
other by two routes, one the direct- 
ray path and the other the reflected- 
ray path. Along the latter path, 
the energy appears to come from 
the image of the source below the 
surface, and it traverses a path 
length Rn that is greater than JBi. 
The resultant field strength is the 
vector sum of the fields traversing 
the two paths, and an interference 
pattern is formed in space because 
of the spatial phase relationships. 

The field from the energy travel¬ 
ing along Rt is 

El E, 

K\ 

where k ^ 2n/}<, If the antenna is 
isotropic the field incident on the 
surface is as strong as that radiated 
along the direct-ray path, and after 
reflection it appears at the field 
point as 

E, - ->(«,+ ♦) 


The derivation is limited to small 
angles and ratios of heights to 
range (the usual approximations). 
Then in the denominator we may 
set Ri =: Rt = R, but of course can¬ 
not do so in the numerator, as the 
difference Rt — Ri = A/Z is the 
quantity required. Then the total 
field is 


£ “ El El 

11 -f 

But the coefficient of the quantity in 
brackets is just the free-space field; 
consequently the magnitude of the 
quantity in brackets is F for this 
case. Elementary geometry shows 
that AiZz:;2siXi/B, so F becomes 
y - 1 1 - Vn- P* •+• 2, owa< 

( 10 ) 

where 


a 




(U) 


This shows that the field strength 
is periodic with height, oscillating 
between 1 + P ^ P times the 
free-space field. 

In this installment p will be 
assured constant in order to sim¬ 
plify the discussion. 

An important special case occurs 
when p = 1 and <^ = ic, which occurs 
at grazing incidence. Then Eq. 10 
becomes 

which shows that the field strength 
is twice the free-space value when 
2z,z.i/XR =z n/2, where n is an 
odd integer, and is zero when 
2ZiZj/XR = r?, where n is an integer. 
The complete variation of field 
strength with range for this case is 
given by 


- L&o F = 2 




E» Bin 


(^^)i 


(13) 


which shows that as R in¬ 
creases the field oscillates out to 
where ZyZjXR = 1/4, after which 
it decreases without oscillation. In 
this latter region, as 2 ivz,z*/XjR be¬ 
comes very small, the sine may be 
approximated by its argument, and 
Eq. 13 becomes 


E 


EtR^ 


\Rt 


(14) 


the familiar result for the so-called 
‘‘inverse square law" region. This is 
a useful approximation for wave¬ 
lengths that are not too short and 
for ranges small enough that the 
earth’s curvature is not important. 
(The temptation to use this simple 
formula may easily lead one astray, 
however.) 

Equations 10 to 18 may be easily 
modified to give the complete ex¬ 
pression for F iqcluding the an¬ 
tenna pattern. As may be seen from 
Fig. 1, the fractions of field 
strength radiated along the direct 
and reflected ray paths are 
and /(Pt)> respectively. Then a 
derivation similar to that for Eq. 10 
shows that 


r - IM) + «f(»i)«-'-1 - V/*(W 
pWW + 2p/(«/(««■ (18) 


Both antenna pattern and reflection 
coefficient now limit the range of 
variation of F, the limits of which 
are /(P.) pfiSi), To calculate F 
in a specific case the behavior of 
p and 4> must be known (see second 
installment) and Pi and P. must be 
determined. From Fig. 1 we see 
that 

0, aa — ^2 — £ > (10) 

tan = izi 4- Zi)/R * 

The arrows indicate the positive di¬ 
rections for the angles, except for 
which is always positive. The 
calculation of field strength above a 
plane earth is simple and straight¬ 
forward, and is expressed (except 
for reflection coefficient) in Eqs. 
3, 9, 15 and 16. 

The relation of a coverage dia¬ 
gram to F may be derived by recall¬ 
ing 'the definition from Eq. 9, 
\E/E.\ = F. But |Eo| = \E.\R./R; 
therefore R = R,\E,/E\F. From 
Eq. 6 R,\E,/E\ = Rf. If we set Rf = 
J?, the free-space detection range, 
then the coverage diagram is a 
polar plot of the equation 

lUF (17) 

This is an implicit relation, as F 
is a function of R, For many prac¬ 
tical purposes this is unimportant, 
because for small elevation angles 
and ranges greater than a few miles 
F can be expressed approximately 
as a function of y, the angle of ele¬ 
vation, by noting that Y. 

Consequently, a polar plot of 
F may be converted into a 
coverage diagram by introducing 
R% as a scale factor. As 0^F^2, 
the operating range of a system 
over a plane earth may at most be 
twice the free-space range, or may 
be reduced to zero, although the 
range of variation is in practice 
always less than this, as shown by 
Eq. 15. Figure 2 shows a sketch 
indicating qualitatively how a cov¬ 
erage diagram may appear when 
the antenna pattern and decrease of 
p with the angle are important in 
influencing F. 

Equation 7 for received power in 
free space may now be ihodified to 
include F. The Poynting vector 
incident on the antenna is 5 = 
F*/120« = Fo*F*/120«, from which 
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FIG. 3—G«ointtry ol itandord propagation ovor a iporical earth, in the interference 

region 


it may be shown that the new ex¬ 
pression is 

«One-Woy Propogafion Over Spherical 
Ear^ 

The spherical shape of the earth 
introduces complications into the 
problem of field strensrth computa¬ 
tion which will only be outlined 
briefly here.^* The region in Fig. 
3 above the tangent ray is called the 
interference region because, as in 
the case of the plane earth, inter¬ 
ference between direct and reflected 
waves produces interference pat¬ 
terns. The region below the tan¬ 
gent ray is called the diflfraction 
region, because energy penetrates 
it by diffraction around the bulge of 
the earth. The radius a. is the 
effective radius of the earth, differ¬ 
ent from the true raj^ius as a result 
of atmospheric refraction, and is 
discussed in the second installment 
of this paper. 

In the interference region the 
formula for F is similar in form 
to that for the plane earth, but dif¬ 
fers in some details. Because the 


reflected wave strikes a convex 
rather than a plane surface, upon 
reflection it is spread out, resulting 
in a weaker field than that reflected 
from a plane surface. This weak¬ 
ening of the reflected field is ex¬ 
pressed by the divergence factor D, 
which now appears in combination 
with p where p appeared in the 
plane-earth formulas. At high ele¬ 
vation angles D is essentially unity, 
but it falls to zero rather abruptly 
in the vicinity of the tangent ray. 
A second difference appears in the 
formula for Ai?, which as can be seen 
from Fig. 3, is where 

z'l and z\ are the heights of the 
terminals above the plane tangent 
to the earth at the point of 
reflection, and are less than the 
true heights above the earth's 
surface. It is easily shown that for 
z/a, €l and r/o^el, 

*'i.j cr: ^ (19) 

Before A/?, D, or the other required 
quantities can be calculated n must 
be obtained; unfortunately this re¬ 
quires solution of the cubic equa¬ 
tion 


Although simple in theory, the pro¬ 
cedure is laborious and is awkward 
numerically. (Graphical methods 
have been devised to give r, and all 
quantities depending on r„ and are 
described in detail in the book men¬ 
tioned in the second footnote.) 

The relations necessary to obtain 
$ 9 , and D are given by 


- £ 

^2 - — — £ — ^7 

rj - ri Or 

tan ^2 - {z\ 4- z' 2 )/r 

D ‘ 


( 21 ) 




2z\z\ 


QtT tan*^2 / 

Once n is known, Eq. 21 can be 
used to calculate field strength for 
the spherical earth from the ap¬ 
propriate expression for F, which 
is. 


P - !/(«,) + DpS{h)t->* I “ >//•(»,) + 
+ 2I»p/(«,)/(»,) COB a I (22) 

where 

Thus the field strength distribu¬ 
tion in the interference region 
above a spherical earth is qualita¬ 
tively similar to that above a plane 
earth. The lobes occupy somewhat 
different positions from those over 
a plane earth because of the modi¬ 
fied form for a given by Eq. 23 and 
19, and the range of variation of F 
is further limited by Z>, which pre¬ 
dominates near the tangent ray. 

A coverage diagram illustrating 



** Details of new methods for rapid com- 
j)Utation of held strength are given In Vol. 
13 of the forthcoming Radiation Labors* 
tory Series, **Propagatlon of Short Radio 
Waves,*' to be jpobllshed by McOraw-HUl 
Book Co., Inc., Xew York. 


r,» - —TTi* + 

“ •*(*> + ••)® (*) 


FIG. 4—CoBlettrs ol Held aireagth 109 db 
below that at a diatoaee ol one nseter, hem 
on Isotropic antenna 110 feet above the 
snrloee (two lowest lobes ore shown let 
each wave lenglbi R »» 91 miles) 
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the general features described 
above is given in Fig. 4, which has 
been drawn for an isotropic radia¬ 
tor and p = 1, = 1 C. Only the two 

lowest lobes are shown for each of 
the three wavelengths. The effect 
of D is shown by the dotted line, 
which approaches zero near the 
tangent ray. Since we have as¬ 
sumed p = 1, F approaches 2 in the 
lobe maxima, i.e., the maximum 
range is twice the free-space range 
at high angles, while it approaches 
zero at the minima. (As pointed out 
above, the combination of D, p, and 
/ always reduces the range of varia¬ 
tion in a practical case, although for 
wavelengths of roughly 1 meter or 
more the conditions shown in the 
diagram are often closely ap¬ 
proached over water.) 

Perhaps the most striking and 
important feature of Fig. 4 is the 
comparison of wavelengths that it 
affords. Note that transmitter 
height is fixed and wavelength is 
varied. The angular elevation of a 
given lobe increases with (but not 
in direct proportion to) the wave¬ 
length and decreases with increas¬ 
ing height. The superiority of short 
wavelengths for operation at low 
elevation angles is clearly indicated. 
The accompanying penalty consists 
of having the high coverage for the 
shorter wavelengths broken up into 
many fine lobes. This important 
fact must be considered in choices 
of wavelength for applications in 
which the detailed structure of the 
coverage diagram is important. 

Description of the field in the dif¬ 
fraction region requires an entirely 
different approach from the simple 
methods of geometrical optics em¬ 
ployed up to this point; physical 
optics must be applied. It is now 
necessary to sum infinite series, 
which in the region of the tangent 
ray usually requires an inordinately 
large amount of labor. Fortunately, 
in the diffraction region sufficiently 
far below the tangent ray only the 
first term of the series is important, 
and we shall limit our discussion to 
this special case, for which 

201ofwF- 20log»[F(X))-f 
a01oi» I U{Zx) I 4- 20k)*» 1 V{Z^) 1 (24) 

where V and V are called the range- 


attenuation and height-gain func¬ 
tions respectively, and the dimen¬ 
sion less variables X and Z are ob¬ 
tained by introducing scale factors 
as follows: 


X ^ R i 


(25) 

! 

\»/ 

II 

tP 

W' 

(26) 


The components of Eq. 24 are 
shown in Fig. 5 and 6, the solid lines 
referring to the situation consid¬ 
ered here. Thus we sec that in the 
region well below the tangent ray 
the field strength may be calculated 
rather more easily than in the in¬ 
terference region. It should be 
noted in passing that no distinction 
is made here between horizontal 
and vertical polarization, because in 
the microwave region the diffrac¬ 
tion field depends only slightly on 
polarization, and negligible error 
results from treating both polariza¬ 
tions alike. This is far from true 
at low frequencies, of course. 

We shall now consider all 
the characteristics of the reflec¬ 
tion coefficient, r = p as ex¬ 
pressed by Fresnel’s equations for 
.specular reflection of a plane wave 
from a plane surface. If t is the 
dielectric constant of the earth 9 is 
its conductivity in mhos per meter 
and A is in meters, and if 



FIG. 5 — Baiie«-ott«attatlon fuactloa for 
stoadcurd rofroctioa, oad lor two surfoeo 
ducti (too text for ilgaineoaeo of duct 
pcnonotor g) 


|s — ;60Xc|c 1, then V is given 
approximately by 

r. _ ^ — iOOXff ' sill ^ 2—1 

r# ^" , — ■-- 

Vc -- j60X<r Sin ^2 4- 1 
_(27) 

T, — V« — j6nX(r ' 

Bin ^ -f Vc — j60X<r ' 

(28) 

where i; and fc denote vertical and 
horizontal polarization, respect¬ 
ively. It is well known that for 
soil t and o vary widely in a rather 
unpredictable manner, and we shall 
not attempt to discuss these varia¬ 
tions here; but for sea water the 
variations are smaller and the 
values are more definitely known. 
Fig. 7 shows p and as given by 
Eq. 27 and 28, for sea water, using 
the best data available. The strik¬ 
ing feature of these figures is the 
slight dependence of p and on 
wavelength and grazing angle for 
horizontal polarization, as con¬ 
trasted with the marked depend¬ 
ence for vertical polarization. For 
the latter, p, experiences a mini¬ 
mum at the complement of Brew¬ 
ster’s polarizing angle familiar in 
optics, and undergoes its most 
rapid change. The phase lag (f>k is 
not shown, as it increases over 180® 
by less than V. It is important 
to notice that at grazing inci- 



FIG. 6—^Helght-gcrin fimctloa for Btcmdord 
rolrocttoa ond lor two surfoeo duets, eor- 
rospoodlag to rango< 4 rtloauotloB funetkm of 
Fig. S 
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FIG. 7—Phaie (A) and magnitud# (B) ol r«fl«clion co«llici«Bt as a hmction of grasing 
onglo for a smooth soa. The phase curves are lor vertical polorisation 

dence (^» = 0) the two polariza- values of field strength in the inter- 
tions behave alike; all the inci- ference pattern are a measure of p. 
dent radiation is refiected and If the antenna pattern is so broad 
is retarded in phase by n; thus r that it can be neglected, and if the 
= — 1 and the field is zero at the lobe spacing is so small that p does 
surface. This is true as long as c not change appreciably between 
and 0 remain finite, but if o is adjacent maxima and minima, Eq. 
assumed to be infinite r = + 1 for 22 (Part I) gives 
all Thug the assumption that r i r - f 

= -H 1 is not justified for the micro- p ^ Ti v""]/* ' ** (29) 

wave region. 

For relatively long wavelengths ^ . 

-eay 1 meter or longer-the as- Measurements of relative field 
Bumption of a smooth earth surface the maxima and mini- 

is reasonably valid, as attested by t^us afford an experimental 

the large amount of practical data determing p. Such meas- 

from meter-wave radar. As the 


urements have been made by sev¬ 
eral methods. Figure 8 shows data 
obtained by flying a receiver at con¬ 
stant altitude through the interfer¬ 
ence pattern from a transmitter at 
the sea shore. Lack of accurate 
means of measuring the state of sea 
roughness precludes any but quali¬ 
tative statements, but the scatter of 
points is believed to be attributable 
to reflections from time-varying 
rough wave patches, which tend to 
“fill up*' the minima, increasing 
Fmfn and causing the indicated 
value of p to decrease. This is par¬ 
ticularly true for horizontal polari¬ 
zation, because in the minima the 
direct and reflected waves are 180® 
out of phase and are very nearly 
equal in magnitude, and even a 
small “stray" reflection takes con¬ 
trol and determines Similar 

results were obtained concurrently 
on 3 cm. 

Corresponding measurement.^ 
over land show that wost terrain 
produces diffuse scattering of 10- 
and 8-cm waves, and no well-defined 
interference pattern exists. Im¬ 
portant exceptions are airport sur¬ 
faces, flat desert country, and the 
like, which are often sufficiently 
smooth to give efficient specular re¬ 


wavelength becomes shorter, how¬ 
ever, roughness of the surface be¬ 
comes more important than t and a 
in determining the amount of spec¬ 
ular reflection obtained; the tend¬ 
ency is, of course, toward diffuse 
scattering, which does not produce 
a well-defined interference pattern. 
No accurate method for determin¬ 
ing the effects of roughness is 
known, but an estimate can be ob¬ 
tained from a criterion suggested 
by Lord Rayleigh. If h is the 
height of a surface ipregularity, the 
surface tends to give specular re¬ 
flection if h sin < X/8, and tends 
to give diffuse reflection if the in¬ 
equality sign is reversed. Although 
not pretending to numerical accur¬ 
acy, this criterion predicts the cor¬ 
rect trend, showing that surface 
irregularities increase in import¬ 
ance as wavelength is decreased or 



grazing angle is increased. PIq. S^Mmuted voIiim oi vefleettoa cosffleieBt ever sea water ot 10 eou wHh herl* 

The maximufn and minimum sealal (A) and verlM (B) pelorifatlen. Unet shew theerelleal valnef ler loieeih sea 
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flection. Radar experience on 
meter waves indicates that a de¬ 
pendable interference pattern can 
be obtained if sufficient care is ex¬ 
ercised in the choice of the site. 


Propogation in Rador Problems 


Extension of the above results to 
radar requires introduction of the 
effective scattering cross-section of 
the target, o. It is defined for free- 
space conditions as the area inter¬ 
cepting that amount of incident 
energy which, if scattered isotropi¬ 
cally, would give an echo equal to 
that from the target. That is, 

- 4ir««|Sr/5<| (30) 

where Si and Sr are the incident 
and reflected values of the Poynting 
vector. The value of Si is given by 
Eq. 2 (Part I), Sr = oSi/(4t:W), 
and the received power Pr = SrAf* 
($, 4>) = SrGXVr* (6, (t>)/4n. Com¬ 
bining, we have the radar trans¬ 
mission equation for free space 


Pr 


fHe,<f>) 

' (4t)> R* " 


(31) 


where identical transmitting and 
receiving antennas are assumed. 
Comparison of this expression with 
the parallel expression for one-way 
transmission, Eq. 7, (Part I) shows 
that P, depends in the same way on 
all corresponding variables except 
for range and antenna pattern 
function. 


The free-space radar detection 
range may be found directly from 
Eq. 31, setting /(<9, <#>) = 1, and Pr 



Another numerical example is of 
interest. Assume that a 10-cm 
radar system transmits a peak 
power of 100 kw, the minim’^m n.s«- 
ful received power is 10“*® watts, 
the antenna is identical with that 
given in the example (Part 1), and 
the target cross-section is 20ii sq. 
meters. Equation 82 indicates a 
free-space range of about 60 km, or 
37 miles. (Had this radar system 
been used as a one-way communica¬ 
tions system its free-space range 
would have been almost one million 
miles.) 


The modification of the free- 
space radar equation to include the 
effects of the earth and atmosphere 
may be made easily for a point 
target in a manner analogous to 
that employed for one-way trans¬ 
mission. The antenna pattern func¬ 
tion is replaced by F, giving 


Pr « Pi 


(47r)» P* 


( 33 ; 


Unfortunately this treatment is 
in reality not as simple as it ap¬ 
pears at first glance, because e is 
only a convenient mathematical fic¬ 
tion for any but the simplest of 
targets. The simplest target is a 
perfectly conducting sphere, for 
which e is essentially the geometri¬ 
cal cross section, xr*, for r/X 
greater than about 4. Most targets 
consist of a large number of scat¬ 
tering surfaces, the reflections from 
which interfere and cause the echo 
to fluctuate in amplitude over wide 
limits with small changes in target 
aspect. This effect becomes more 
pronounced as the ratio of object 
size to wavelength increases. The 
microwave scattering pattern from 
an aircraft, for instance, contains 
a very large number of fine lobes in 
the solid angle 4x; consequently the 
echo fluctuates very rapidly and the 
radar is likely not to “see’’ the tar¬ 
get every time it scans the region of 
the target if the scan rate is rapid. 
(This echo fluctuation is in addi¬ 
tion to that arising from the pas¬ 
sage of the aircraft into and out of 
the lobes of the interference pat¬ 
tern.) As a result it is necessary 
to establish arbitrary definitions of 
9 appropriate to the type of target, 
radar, method of display of data, 
the minimum allowable percentage 
of “hits,” and many other paramet¬ 
ers. Once these conventions are 
established numerical values for a 
can be obtained which allow estima¬ 
tion of performance by Eq. 32. 
Subject to these limitations, radar 
coverage diagrams may be pre¬ 
pared from the equation R = RJP 
just as for one-way transmission, 
and the region enclosed by the dia¬ 
gram is that inside which the tar¬ 
get is detectable with the degree of 
certainty agreed upon. Useful 
values of e for wavelengths of 10 or 


3-cm range from under 100 sq ft 
for small aircraft to roughly 700 
sq ft for heavy bombers. 

An additional complication en¬ 
ters if a target with appreciable 
height such as a ship is very near 
the earth’s surface, because of the 
variation of the incident field with 
position on the target. Assuming 
a plane earth with r = — 1, this 
variation is given by Eq. 12 (Part 
I). If the target were “lumped” at 
a height then Eq. 38 would give 


Pr 





and for sufficiently small values of 
the argument of the sine function 


Pr 


P 

* 




It is found experimentally with 
microwave radar at low altitudes 
that if appropriate care is exercised 
in treating the rapid fluctuations of 
echo strength, a ship echo varies on 
the average as l/i?‘ out to some 
reasonably well defined range, be¬ 
yond which it varies roughly as 
l//2^ and in many practical cases 
falls below the detection limit while 
varying according to this law. 
Such behavior would be expected 
from a point target at a fixed 
height above a plane earth, from a 
vertical flat sheet, and from certain 
other simple models. The actual 
values of a are not constant, but 
vary with radar height, target size 
and aspect, wavelength, range, and 
other factors; but by judicious di¬ 
vision of the range of the variables 
approximate values of a for ships 
have been determined, and may be 
used to obtain estimates of radar 
performance on ship targets. 


Afmosplieric Relrocfioii 

Thus far the effects of the atmos¬ 
phere have been neglected. It is 
well known that the gradual de¬ 
crease of the atmospheric index of 
refraction with increasing altitude 
and the accompanying increase of 
phase velocity cause a slight distor¬ 
tion of the wave front and a tend¬ 
ency for the waves to follow the 
earth’s curvature. If the index de¬ 
creases essentially linearly with 
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height the effect ia as if the propa¬ 
gation occurred over an earth with 
no atmosphere but with an effective 
earth's radius greater than the true 
radius.* If the effective radius 
is known the methods described 
above can be applied by substitut¬ 
ing a, for the true radius a. The 
generally accepted value of aja is 
4/3, giving a, = 5,280 statute miles. 
The refraction in this case is called 
standard refraction and gives rise 
to standard propagation. 

Considerable work has been done 
tn an attempt to discover geograph¬ 
ical and seasonal variations of the 
effective earth's radius. It is now 
clear that such investigations are 
not particularly significant, how¬ 
ever, because when marked varia¬ 
tions of the refractive index gradi¬ 
ent occur the concept of an effective 
earth’s radius loses its validity, and 
other methods are necessary to give 
a meaningful description of refrac¬ 
tion phenomena. 

Large variations in refractive in 
dex gradient are beat expressed in 
terms of a parameter called the 
modified index of refraction, N, de¬ 
fined by 

iV « A (1 4- */o) + z/a (34) 

where n is the atmospheric index 
of refraction at the height z (n de¬ 
parts from unity by only about 
3 X 10"*). The modification con¬ 
sists of adding the term z/a, thereby 
introducing the curvature of the 
earth ii\to the refraction problem. 
The modified index is useful be¬ 
cause it permits treatment of the 
complicated problem of a spherical 
earth with atmospheric index of re¬ 
fraction n as the simpler problem 
of a plane earth and equivalent 
index of refraction N, It is also im¬ 
portant because it^is a clearly de¬ 
fined boundary between the meteo¬ 
rological side of the problem, which 
takes the meteorologist as far as 
determining n as a function of 
height, and the electromagnetic 
side, which begins with n (or N) 
and concerns the effect of a given 
variation of A/ with height upon 

• Schellenir. Burrow® and Ferrell, “Ultra 
Short Wave Propagation,’* Proc //tg vol 
Sl. p 427, 1923. 


field strength. Neither phase of 
the problem can be given in detail 
here, but a few of the most impor¬ 
tant features and some interesting 
practical results may be outlined. 

The absolute value of n is not im¬ 
portant, but the vertical gradient of 
n or N 

dz " dz'^ a 

determines the characteristics of 
the propagation. In the absence of 
atmospheric stratification dn/dz is 
essentially independent of z, and 

^ ^ 1 __ 

a “ dN dn 

o 1 -f- o 
dz dz 

When dn/dz varies with z, 
marked transmission abnormalities 
are likely to occur and give rise to 
nonstandard propagation. (The 
term anomalous propagation is also 
frequently employed, but it has 
been so abused that it is avoided 
here.) Some basic forms of N as 
a function of «, called modified 
index profiles, are shown in Fig. 9. 
In each case the region in the vicin¬ 
ity of the atmospheric “layer” in 
which the slope departs from the 
constant value for the remainder of 
the profile is responsible for trans¬ 
mission vagaries. 

The regions marked a—5 show 
marked affinity for very short radio 
waves; if the wavelength is suffi¬ 


ciently short, energy may be guided 
for great distances with very low 
spatial attenuation, and i.s often 
said to be “trapped.” 

The “trapping” layers, a—6 in 
Fig. 9, are also called “ducts” be¬ 
cause of their wave-guiding proper¬ 
ties; in fact they may be likened to 
a parallel-plane wave guide with a 
leaky top. The analogy to such a 
wave guide is useful becau.se: (1) 
it renders plausible the increase of 
trapping effects as wavelength de¬ 
creases; (2) it suggests that com¬ 
plicated field strength distributions 
may be formed by superposition of 
a number of transmission ‘'modes”; 
and (3) it illustrates the impor¬ 
tance of the position of the energy 
source in determining the degree 
of excitation of the modes. The 
analogy is unsatisfactory in a quan¬ 
titative investigation, and a correct 
analysis requires extension of the 
theory for the diffraction region to 
include the effects of irregularities 
of the modified index profile. It 
yields expressions for the field 
strength similar in form to Eq. 24, 
(Part I) but differing in detail to 
express the trapping effect and dis¬ 
tortion of field strength by the duct. 
For example, the broken lines in 
Fig. 5 and 6 (Part I) apply to a 
modified index profile of type D in 
Fig. 9 that has been approximated 
by two straight lines, the top sec- 
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lion having the slope corresponding 
to standard refraction and the bot¬ 
tom section having the negative of 
this slope. The height h of the 
joint between the two lines (called 
the height or the depth of the duet) 



where g is 1.98 and 2.68 in the 
curves shown. (These values apply 
only to the lowest order transmis¬ 
sion mode, which predominates suf¬ 
ficiently far below the tangent ray.) 

Figure 5 (Part I) shows that the 
duct causes the field strength to de¬ 
crease very much less rapidly with 
range in the diffraction region than 
it does with standard refraction, 
and Fig. 6 (Part I) shows that 
within and near the duct the height- 
gain function is distorted. It sug¬ 
gests a reduction of field strength 
above the duct. When the height- 
gain and range-attenuation func¬ 
tions are combined, however, the 
field is seen to be enormously 
stronger, both above and in the 
duct, than with standard refraction. 

A numerical example will illus¬ 
trate the gain in signal strength at 
low heights. Suppose a duct 64 ft 
deep occurs over a 10-cm transmis¬ 
sion circuit 41.6 miles long with ter¬ 
minal heights of 100 and 15 ft. 
From Eq. 26 and 26 (Part I), X = 
6, Z, = 8 and Z. = 0.46. The 64-f t 
duct corresponds to the middle 
curve in Fig. 6 and 6 (Part I). Then 

20 logio F =• 20 logii \V(5)\ + 20 logio 11/(3) 1 
+ 20 lugw I t/ (0.45) I » 
-3~l-6«-10db 

For standard refraction, however, 
the first two terms would have been 
-69 and 4-16, and the total would 
have been —60 db; that is, the duct 
has increased the signal level by 60 
db. 

By contrast with the situation in 
a .simple wave guide, each transmis¬ 
sion mode, although guided by the 
duct, 'leaks*' out of the top of the 
duct; the greater the degree of trap¬ 
ping the smaller is the rate of leak¬ 
age. Increasing the duct height 
(more correctly, the quantity g) 
increases the degree of trapping, 
causing the "bulge" in Fig. 6 (Part 
I) to become more pronounced and 
the rate of attenuation with range 


to decrease. (It also encourages the 
presence of higher-order transmis¬ 
sion modes, not considered here.) 
If the transmitter is in the duct or 
not far from it, the general effect 
is to produce a long “finger" in 
the coverage diagram coinciding 
roughly in position with the duct, 
often extending for great distances. 
Two common cases in which the 
duct rests on the surface are shown 
by D and E in Fig. 9. 

The terms employed above are 
only crudely descriptive of the com¬ 
plete mathematical formulation of 
the problem, which is too involved 
to give here. (The same mathemat¬ 
ical problem occurs in connection 
with potential barriers in quantum 
theory.) Most writers base elemen¬ 
tary explanations of trapping phe¬ 
nomena upon the methods of geo¬ 
metrical optics, using Fermat's 
principle and tracing ray paths 
through the inhomogeneous layers. 
Such ray methods have the advan¬ 
tage of pictorial simplicity, but 
they represent an oversimplification 
of the true problem and they may 
easily lead to erroneous conclusions 
if they are interpreted without full 
knowledge of their limitations. 
These methods have been avoided 
and the more difficult but correct 
wave theory is used in this brief 
discussion. A complete discussion 
of the problem requires application 
of both ray and wave solutions in 
the regions for which each is valid. 

It should be emphasized that only 
energy leaving the transmitter at 
very small angles of elevation is af¬ 
fected by ducts. The field at angles 
above roughly is not affected 
appreciably. 

When the duct is considerably 
above the transmitter, as in F of 
Fig. 9, energy may also be propa¬ 
gated beyond the horizon. The rig¬ 
orous theory for this case has not 
yet been carried to a numerically 
useful state, however, and approxi¬ 
mate methods are necessary. One 
of the beat known of these methods 
describes the propagation in terms 
of a plane wave reflected from a 
plane layer in which n varies with 
height. If the layer is not too thick 
(in terms of wavelength), strong 


reflections may occur at very small 
grazing angles. In this case the 
longer wavelengths experience the 
greatest effect, by contrast with the 
trapping discussed previously. 

Early investigators sought ex¬ 
planations of refraction effects in 
terms of "reflections from air-mass 
boundaries," which in current ter¬ 
minology would be called refraction 
by (or reflections from) the ele¬ 
vated irregularities in the modified 
index profile. (These irregularities 
are by no means limited to bound¬ 
aries between different air masses 
in the meteorological sense, how¬ 
ever.) It seems clear now that the 
early results included the combined 
effects of profiles of types D, F, and 
F of Fig. 9. 

The effect of the layer repre¬ 
sented by the bottom of profile A of 
Fig. 9, in which dN/dz is greater 
than the standard slope, is to de¬ 
crease the field strength below the 
standard level near the surface, 
hence it is called a substandard 
layer; this is the opposite of the 
effect of superstandard layers in 
which dN/dz is less than the stand¬ 
ard slope and fields in and near the 
duct are above the standard level. 

The meteorological phase of the 
refraction problem is vastly compli¬ 
cated; it requires the answers to 
many questions that are new in me¬ 
teorology and defy analysis in 
terms of existing knowledge. Con¬ 
sequently it was necessary during 
the war to start from scratch in the 
new field of radio-meteorology, de¬ 
veloping experiment and theory 
simultaneously with the application 
to the radio problem. Study of the 
dynamics of the lower atmosphere 
was begun experimentally by me¬ 
teorological soundings employing 
methods capable of revealing great 
detail in atmospheric structure. Me¬ 
teorological analysis based upon the 
soundings and upon other weather 
information has brought to light 
the fundamental principles of the 
processes involved, but working out 
their application is a problem for 
the future. 

Figure 10 shows atmospheric 
.soundings, made in an aircraft over 
the ocean with specially developed 
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instruments when warm, dry air 
was blowin{? over the water from 
the land on a hot summer after¬ 
noon, forming a surface duct capa¬ 
ble of producing strong trapping on 
wavelengths of roughly 10 cm or 
less. Several thousand soundings of 
this general nature have been made 
in various localities by several 
groups of investigators. 

The atmospheric index of refrac¬ 
tion n depends upon pressure, tem¬ 
perature and humidity but is inde¬ 
pendent 0 / wavelength down to 
about 1 cm (where atmospheric ab¬ 
sorption becomes important.) The 
index gradient, dnidz, involves both 
the gradients of the atmospheric 
quantities and their absolute values, 
with the result that a very wide 
range of effects on the modified in¬ 
dex profile is possible. We may sum¬ 
marize the most important of these 
effects very briefly as follows: 

(a) In an atmosphere that is 
completely mixed vertically 
dN/dz is iltarly constant, 
and is approximately 0.04 
per ft; but complete mixing 
is rare and 0.036 is the value 
commonly defined as that 
giving standard refraction. 
(Type B of Fig. 9.) 

(b) An increase of temperature 
with height (temperature in¬ 
version) tends to make 
dN/dz < 0.086 per ft, and 
tends to give profiles of 


Types C through G of Fig. 9. 

(c) A decrease of water vapor 
pressure or concentration 
(specific humidity or mixing 
ratio) with height tends to 
make dN/dz < 0.036 per ft, 
and tends to give profiles of 
Types C through G in Fig. 9. 
Relative humidity is an es¬ 
sentially useless quantity in 
this work because it is not a 
conservative property of the 
atmosphere. 

(d) An increase of humidity with 
height tends to make dN/dz 
> 0.036 per ft, and tends to 
give profiles of Type A of 
Fig. 9. 

When (b) and (c) combine dN/dz 
may easily become negative and 
strong ducts may be formed; this 
is particularly prevalent along a 
coast, where warm dry air from the 
land may flow out over cold sea 
water. If, on the other hand, the 
air is warmer than the water but 
is extremely moist, the reverse sit¬ 
uation (d) is likely to occur, giving 
substandard surface layers. 

Any of the profiles of Fig. 9 may 
also occur over land as a result of 
numerous meteorological processes. 
The most pronounced effects over 
land occur as part of the diurnal 
cycle of daytime solar heating of 
the earth’s surface and nocturnal 
cooling by radiation. During the 
middle of the day the air is mixed 


by convection from solar heating, 
but at night radiational cooling of 
the surface chills the air from be¬ 
low, and if the sky is clear and 
winds are light a temperature in¬ 
version is likely to form. Humidity 
gradients may also occur, and de¬ 
pending upon their sign and mag¬ 
nitude, either ducts or substandard 
layers may result. The result is that 
overland transmission as a rule be¬ 
comes variable at night, often pro¬ 
ducing a wide range of signal 
strengths as a result of the contin¬ 
ually varying nature of the atmos¬ 
pheric stratification. 

A general feature of both over¬ 
water and overland transmission be¬ 
tween terminals near or below the 
horizon is that when ducts occur 
at or near the surface the a/verage 
signal level tends to rise, often to 
the vicinity of the free-space level, 
but it tends to decrease under the 
influence of substandard layers. 
Superposed on this shift in average 
level is scintillation or fading which 
may be small or may encompass a 
range of as much as 40 or 60 db. 
The maximum levels reached in 
most cases reported so far are from 
10 to 16 db above the free-space 
level. The mechanism of the fading 
is not clearly understood, but in the 
light of existing information it is 
reasonable to believe that it results 
from superposition of a number of 
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transmission modes, the relative 
amplitudes and phases of which are 
continually varying as a result of 
time variations in the microstruc¬ 
ture of the atmosphere. 

Figure 11 shows typical behavior 
of 10 and 3 cm one-way transmis¬ 
sion on a nonoptical overwater 
transmission path. Each signal 
type was found to occur when the 
indicated modified index profile pre¬ 
dominated on the path, which in 
(his case was 41 miles long, between 
Provincetown and Gloucester, Mas¬ 
sachusetts. High average signal 
with deep “roller” type fading was 
unfailingly characteristic of ducts 
roughly 100 feet or more in depth, 
but when the ducts were shallow, 
about 50 feet or less, the average 
signal was lower, and fading was 
slight. In the second case only the 
lowest order transmission mode is 
important fon 10 cm), and freedom 
from interference by higher order 
modes is presumably responsible for 
the increased steadiness of the sig¬ 
nal. These shallow ducts are be¬ 
lieved to prevail over most of the 
open oceans, and may be of consid¬ 
erable importance in microwave ra¬ 
dar and communications at low alti¬ 
tudes. 

Measurements by low-power ra¬ 
dar from a height of 50 feet at 
Provincetown made simultaneously 
with the one-way measurements 
and on the same wavelengths 
showed , wide variations in maxi¬ 


mum detection range on ships and 
coastal surface targets. With stand¬ 
ard modified index profiles detection 
was limited to targets within hori¬ 
zon range (15 miles or so), while 
substandard surface layers reduced 
this coverage somewhat. Shallow 
ducts increased the detection range 
by roughly 20 or 30 percent, but 
deep ducts permitted ranges very 
far beyond the horizon. Echoes 
were received at one time from 
Nova Scotia, 280 miles distant, and 
ranges between 100 and 200 miles 
were common. 

A most interesting and signifi¬ 
cant feature of this particular path 
was that during the summer stand¬ 
ard profiles and signal levels oc¬ 
curred only about 2 or 3 percent of 
the total time. During the rest of 
the time either deep ducts and high 
fading signal or substandard condi¬ 
tions prevailed in this particular 
location, often for two or three days 
at a time; but trapping conditions 
accounted for the major fraction 
of the period. Diurnal effects, pre¬ 
dominant in overland transmission, 
were barely noticeable. As cold 
weather approached standard re¬ 
fraction occurred an increasing 
fraction of the time, and the depar¬ 
tures from standard signal level 
and radar ranges decreased. Other 
measurements during the winter 
indicate that fairly small variations 
are to be expected then (in this 
region). This seasonal trend is to 


be expected because of the corre¬ 
sponding seasonal variation in the 
air-water temperature and humid¬ 
ity contrasts which determine the 
modified index profile. 

This is only a small sample of a 
large amount of information ac¬ 
cumulated from all parts of the 
world from which reports on radar 
operations are available. Ranges up 
to 400 miles on coastal targets have 
been reported in the Mediterranean 
Sea, and comparable ranges have 
been obtained off the northwest 
coast of Africa, in the vicinity of 
Australasia, in the South Atlantic, 
and in numerous other places. Per¬ 
haps the most startling report 
comes from a 1.5-meter radar at 
Bombay, which obtained echoes in¬ 
termittently over a period of sev¬ 
eral weeks from the coasts of Ara¬ 
bia, about 1,700 miles away. 

This brief outline of some of the 
problems of propagation can do no 
more than to suggest the kind of 
information needed for successful 
design and operation of equipment 
in the microwave range. Other 
equally important problems not dis¬ 
cussed here are those of radar ech¬ 
oes from meteorological phenomena 
and attenuation by the atmospheric 
gases and by such hydrometeors as 
rain, hail, snow, and fog. These 
subjects form a new field that has 
hardly begun to be explored, and 
offer fascinating opportunities for 
fnrtht*r research. 


2-Mc Sky-Wave Transmission 

A simplified review of present ionospheric knowledge and a critical survey of the informa¬ 
tion resulting from an empirical use of the night-time E layer. Its relative stability, as 
disclosed by loran operations, is little affected by ordinary disturbing phenomena 

By J. A. PIERCE 


T he ionosphere is ususUy defined it may be thought of as all the at- The' atmosphere at such heights 

as "that region of the earth's mosphere above the stratosphere, or, consists primarily of the same con- 

atmosphere which is ionized suffl- more specifically, the atmosphere be- stituents as at sea level, nitrogen and 

ciently to affect the propagation of tween SO and 800 miles above the sur- oxygen. Above 60 miles the* oxygen 

radio waves.” For practical purposes face of the earth. presumably exists in atomic rather 
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FIG. 1—CSigpaicai cimr* showing Tortical 
distribution of Iroo oloctrons 


than molecular form because the ul¬ 
traviolet light from the sun disasso¬ 
ciates the atoms much faster than 
they recombine. Nitrogen may be 
disassociated at, say, 200 miles but 
the evidence for that is less clear. 

There is little to indicate that the 
heavier elements settle out at the 
lower altitudes. Probably all the com¬ 
ponents of the atmosphere are quite 
well mixed, except for the change 
from molecular to atomic oxygen at 
60 miles. It may be that hydrogen 
and helium escape into space; there 
is no strong evidence that they form 
much of the upper air. 

The pressure at which these gases 
exist decreases exponentially with in¬ 
creasing height to very small values. 
At 60 miles it is about one millionth 
of the sea level pressure, while at 200 
miles it is probably thousands of 
times again as small. The mean free 
path, at 60 miles height, may be 
taken as one centimeter while at 200 
miles it may be as much as a mile 
or more. This mean free path is the 
distance a particle—^molecule, atom, 
heavy ion or electron—will travel, on 
the average, before it collides with 
another particle. It is a very im¬ 
portant quantity. 

The temperatures in the iono¬ 
sphere are high. This ddes not mean 
that there is much heat in the upper 
air, because there are very few parti¬ 
cles to contain heat, but it does mean 
that the particles travel rapidly. At 
sea-level temperatures the air mole¬ 
cules travel at about 0.5 kilometer 
per second, while at 200 miles alti¬ 
tude they move several times as fast. 
The temperature, after falling to 
about —70 F in the stratosphere, in¬ 
creases to nearly the sea-level value 


at about 30 miles. Then there is a 
sharp drop to about —140 F at 60 
miles. Above that the temperature 
(velocity of particles) rises rapidly 
to somewhat more than 80 F at 60 
miles and to perhaps 1,400 F at 200 
miles. 

ProdMcfloR of lonliafion 

If a certain wavelength of solar 
ultraviolet light excites one of the 
electrons in an atom so that it breaks 
away from the atom and exists alone, 
the atom is ionized. The electron may 
be called a negative ion and the posi¬ 
tively-charged remnant of the atom 
is called a heavy or positive ion. The 
electron is small and light. It will 
travel, independent of the heavy ion, 
at great speed until it finds another 
heavy ion with which it can unite or 
until it finds an atom or molecule 
to which it can stick temporarily. 

Let us assume that ultraviolet 
light of some ionizing wavelength is 
falling upon the atmosphere. There 
will be, in general, enough energy at 
this wavelength to penetrate some 
distance into the air but not enough 
to reach the surface of the earth 
before it has all been expended in 
ionization. At several hundred miles 
above the surface very little ioniza¬ 
tion will be produced because there 
are very few atoms there to absorb 
the energy. The ionization will there¬ 
fore increase as the height decreases 
because there is more and more ma¬ 
terial which can be ionized. As the 
height decreases further, however, a 
substantial fraction of the original 
ultraviolet energy has been used up 
so that, although the number of 
atoms continues to increase very rap¬ 
idly, the number of electrons set free 
does not increase so rapidly. At still 
lower heights the number of free 
electrons actually begins to diminish 
and, lower yet, decreases to zero 
when all of the suitable incoming 
energy has been used up. 

This behavior can be calculated, 
under certain simplifying assump¬ 
tions, and gives a curve of the shape 
of Fig. 1 which is known as the 
Chapman distribution. The height at 
which the free electrons are produced 
and the thickness of the layer of elec¬ 
trons depend upon the kind of ioniz¬ 
ing ener^, the kind of atoms which 


are ionized and the temperature of 
the air. The number of free electrons 
produced depends upon the same 
things but especially upon the total 
energy available in the ionizing ul¬ 
traviolet light. 

The true picture of the vertical 
distribution of free electrons is much 
more complicated. A separate dis¬ 
tribution, of the form of Fig. 1, is 
produced for every combination of 
ionizing ultraviolet wavelength and 
atomic constituent in the atmosphere. 
Many of these distributions overlap 
each other but some are quite well 
separated. Furthermore, these Chap¬ 
man curves define the rate at which 
free electrons are produced. There 
is some diffusion from the heights 
at which they are produced and the 
electrons at lower levels recombine 
faster than those above. Both of 
these factors operate to cause the 
heights at which the density of ion¬ 
ization is maximum to be greater 
than the heights at which the elec¬ 
trons are set free most rapidly. 

FormofioR of Loyort 

Figure 2 shows the approximate 
distribution of free electrons as they 
exist by day and by night. The maxi¬ 
mum at about 260 km is called the F 
layer, or Appleton layer. The small 
bump on the lower side appears only 
in the day time in the summer, be¬ 
cause it recombines quickly at night 
and is swamped in the body of the F 
layer in the winter. When it appears 
it is called the F, layer and the re¬ 
mainder of the F region is known as 
the F, layer. The F layer varies 
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FIG. 3—A slmpUlisd r«pr«i 0 ntatton o! cm 
ionotphtric layer ■bowing the ellecti of 
raye entering at different angles. Ray A 
has left the earth at too steep on ongle to 
be turned bock 

greatly in height, thickness, and 
density of ionization. 

The E, or Kennelly-Heaviside layer 
at about 100 km, is much more stable. 
Its density of ionization follows the 
altitude of the sun quite closely, ex¬ 
cept that some ionization remains 
throughout the night when the sun¬ 
light does not fall on the layer. We 
shall be primarily concerned with the 
E layer. 

The tail of the E layer, perhaps at 
about 70 km above the earth, some¬ 
times shows a small maximum which 
is called the D layer. The density is 
low, so that only low frequency waves 
can be reflected from it. The D layer 
is primarily of importance because it 
absorbs energy from radio waves. 

ReRacfien 

If a radio wave penetrates 
obliquely into the ionosphere the 
phase velocity, which determines the 
direction of the wave front, increases 
as the index of refraction decreases. 
At the same time the group velocity, 
which is the velocity with which the 
energy travels, decreases in the same 
ratio. Thus the upper part of the 
wave front travels faster as the wave 
penetrates into an ionized layer be¬ 
cause the density of ionization is in¬ 
creasing. The wave is therefore re¬ 
fracted so that it curves back toward 
the earth, but it travels more .slowly 
while being refracted. 

In Pig. 8 we have postulated an 
ionospheric layer whose density 
(number of free electrons per cubic 
centimeter) is roughly indicated by 
the density of dots. Three rays of 
radio frequency energy are shown 
entering the layer. If the frequency 
is such that reflection can occur at 
oblique incidence but not at vertical 
incidence on the layer the behavior 


will be as shown. A ray C departing 
at a small angle to the horizontal will 
only require a modest amount of re¬ 
fraction before it is turned parallel 
to the surface of the earth. It will 
therefore not need to penetrate far 
into the layer and will span a long 
range in a single hop. Another ray, 
B, departing more steeply from the 
earth will penetrate the layer more 
deeply because it must be turned 
through a greater angle. If the re¬ 
quired bending cannot be achieved, 
because the frequency or departure 
angle is too high or the density of 
the layer is too low, the ray A will 
penetrate the layer, traveling on a 
path which is concave downward 
until the height of maximum ioniza¬ 
tion is reached and concave upward 
beyond that height. This ray, of 
course, leaves the earth completely 
unless it is turned back later by a 
higher layer. The effect of the pene¬ 
tration is to establish the well known 
skip di.stance within which sky-wave 
signals are not received. Outside a 
layer, rays travel straight lines. 

Single-Hep Llmlf 

There is a definite maximum range 
which can be .spanned by single hop 
transmis.sion. This is the distance 
covered by a ray departing horizon¬ 
tally (or as nearly horizontally as 
antenna radiation can be effective) 
and is about 1,500 miles in the case 
of 7i7-layer transmission. At greater 



FIG. 4—Field strength as a function of 
distance from a 100*kw transmitter, over 
sea water and rocky ground. The 1-hop E 
sky waves can not be safely used beyond 
1,400 miles because their strength falls 
rapidly below those of the 2-hop E 


distances the signal is cut off by the 
earth itself. This shadow effect can 
be seen clearly in the sharp drop in 
the 1-hop sky-wave field-intensity 
curve of Fig. 4. 

A rough diagram indicating the 
typical action of both E and F layers 
is given in Fig. 5. Here we have as¬ 
sumed a number of rays at different 
radio frequencies, all departing from 
a transmitter along the same path. 
The medium frequencies shown, 500 
kc and 2 me, are both reflected by 
the E layer, but the 2-mc ray pen- 



FIG. 5—Typlcol behavior of roys of vorious Iroguoncios In the E ond F loyers. 
At tho higher frequencies the rays are leee affected by the Ionosphere 
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etrates much more deeply and travels 
somewhat farther. At 5 me, the ray 
is refracted strongly in the E layer 
but does penetrate it, and is easily re¬ 
jected by the F layer. The 15-mc ray 
is less affected by the E layer and pen¬ 
etrates more deeply into the F layer, 
but the general behavior is much the 
same as at 5 me. Thirty me, how¬ 
ever, is too high a frequency to be 
returned, under the conditions we 
have postulated. The ray passes the 
E layer with very little refraction, 
and is refracted strongly by the F 
layer but without being turned back 
toward the earth. The energy at this 
and all higher frequencies, such as 
800 me, escapes into space. As the 
frequency increases the deviation of 
the ray in the layers decreases until 
at microwave or optical frequencies 
the effect of the ionization is not at 
all perceptible. 

The whole structure of Fig. 5 de¬ 
pends upon the density of ionization 
in the layers and upon the angle of 
departure of the original rays. At 
a lower angle the 6-mc ray might 
often be reflected from the E layer 
while the 80-mc ray would be re¬ 
turned from the F region. 

The reflection of radio waves in 
the ionospheric layers is only half 
of the process of radio transmission 
by sky waves. The absorption of 
energy from the waves is of at least 
the same importance. 

Some mention was made above of 
the mean free path of an electron 
(or other particle) in the upper at¬ 
mosphere. This quantity, or more 
properly the inversely-varying col- 
lisional frequency, controls the en¬ 
ergy lost by a radio wave. While 
there may be a million free electrons 
per cc in a highly ionized layer there 
are typically a million times as many 
neutral atoms or molecules with one 
of which an electron may collide at 
any instant. Suppose, for example, 
that on the average an electron can 
move freely only for a millionth of 
a second before bumping into a heavy 
atom. If the electron is being vi¬ 
brated by a radio frequency fleld at 
1 me there is only about one chance 
in two that the electron can complete 
H cycle of oscillation before Its mo¬ 
tion is interfered with. 

The collision is important for this 


reason. Some energy is abstracted 
from the radio wave to provide the 
kinetic energy contained in the mov¬ 
ing electrons. This energy is, in ef¬ 
fect, lost to the radio wave only for 
a half cycle because the moving elec¬ 
tron, since it constitutes a moving 
charge, reradiates an electro-mag¬ 
netic field whose energy is equal to 
the energy absorbed by the electron. 
As the radio w^ave passes through 
the ionosphere the energy reradiated 
by all the electrons adds in phase to 
constitute a wave traveling in the 
same direction as the original wave. 
If the electrons can move freely, tiny 
elements of the energy in the wave 
flow back and forth between electro¬ 
static and kinetic states, but the total 
energy in the wave remains the same. 

Energy Lett by Collitleii 

If, however, an electron rebounds 
from an atom while temporarily car¬ 
rying some of the energy two things 
happen. One is that the direction 
of motion of the electron is changed. 
The energy is then I'eradiated in a 
different orientation, so that the 
phase relation with the radiation 
from other electrons is damaged. 
Even more serious is a real loss of 
radio frequency energy because the 
atom is accelerated slightly and car¬ 
ries off part of the kinetic energy 
which had been loaned to the electron. 
This energy is completely lost to the 
radio wave and remains in the atmos¬ 
phere in the form of increased kinetic 
energy, or heat. 

If the probability of collision and 
loss of energy is high enough the 
radio wave will be completely atten¬ 
uated in the ionized layer. The de¬ 
gree of absorption is less as the fre¬ 
quency is increased because the 
electrons are more likely to be able 
to complete their half cycles of oscil¬ 
lation before a collision occurs. In 
the F layer there is little collisional 
friction because the mean free paths 
are long and the collisional frequency 
is low. In the E layer collisions are 
frequent enough so that waves of 
frequency below 2 or 8 me are com¬ 
pletely absorbed in the daytime. At 
night the density of ionization in the 
E layer decreases to perhaps a tenth 
of the daytime value. The absorption 
goes down to low values because the 


chance of a collision between an elec¬ 
tron and some other particle is 
similarly reduced. 

We may summarize the situation 
thus: Ionization is needed to reflect 
radio waves but ionization at low 
heights in the atmosphere absorbs 
energy from the waves. The higher 
the frequency the stronger the ioniza¬ 
tion required for reflection and the 
less the absorption. 

LItfl# lenisetion of Night 

Since most ionization in the atmos¬ 
phere is produced by the action of 
ultraviolet light from the sun there 
is little new ionization created at 
night. The free electrons recombine, 
but slowly enough so that a sub¬ 
stantial number of them remains 
throughout the night. Thus the max¬ 
imum ionization occurs at or soon 
after noon and the minimum at sun¬ 
rise. Similarly the ionization is more 
intense in summer than in winter be¬ 
cause the sun shines more perpendic¬ 
ularly upon the atmosphere and the 
ionization increases as does the tem¬ 
perature. 

Whether radio transmission is bet¬ 
ter by day or by night, in winter 
or in summer, is a question of fre¬ 
quency. At high frequencies, say 
20 me, the weak ionization may pre¬ 
vent sky-wave transmission com¬ 
pletely in the winter or at night, 
while in summer or daytime the 
stronger ionization will support 
transmission when absorption is so 
small as to be unimportant. At 
broadcast frequencies, absorption is 
complete in the daytime so that only 
ground wave ranges are useful. At 
night, long distance transmission is 
possible, and the decreased absorp¬ 
tion in the winter makes communica¬ 
tion better than in the summer. 

2-iiic Sky-wove LoroM Troiitmistioiit 

During the war, much practical 
information was obtained from the 
use of £-layer transmissions which 
extended the night-time range of the 
loran navigational system. The bal¬ 
ance of this paper describes some of 
the phenomena encountered. 

Figure 6 shows typical variations 
of the critical frequencies (which are 
proportional to the square roots of 
the maximum densities of ionization) 
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FIG. S-->Crltlcol fraquMclM lor tho £ and 
F lo7#ra ot Toilottf timoi of tho doy. 
Thooo plots or# poftleularly important in 
showing that ionisation in tho E loyor is 
not ontiroly dopondont upon solor ra^otion 


in the E and F regions throughout 
the day. Recombination is slow in 
the F region that the maximum oc¬ 
curs well after noon although all of 
the ionizing energy appears to come 
directly from the sun. The smooth 
decrease throughout the night is 
another manifestation of the fact 
that some free electrons have life¬ 
times of many hours in the F layer. 

The behavior of the E layer at 
night is not understood. At the 
height of the E layer complete 
recombination takes only a few 
minutes, so that the density of ioniza¬ 
tion adapts itself very quickly, in the 
daytime, to the amount of energy 
being received from the sun. The E 
layer curve of Fig. 6, between sun¬ 
rise and sunset is nearly proportional 
to the fpurth root of the cosine of 
the sun^s distance from the zenith. 
This is so exactly true that without 
question the ionization would go al¬ 
most to zero at night if ultraviolet 
light from the sun were its only 
source. 

The energy brought into the 
earth’s atmosphere by meteoric bom¬ 
bardment may possibly be enough to 
sustain this night-time ionization.' 
In any case, meteoric effects are 
definitely perceptible and certainly 
cause many of the variations in the 
density and distribution of free elec¬ 
trons in the E layer even though they 
are probably not the major cause 
of the ionization. The random varia¬ 
tions in the density of the E layer 
are of the first importance in the 
propagation of loran signals by sky 


waves, because they control the er¬ 
rors of the system. 

Sky-wave Deloy 

The transmission time of a sky 
wave is greater than the transmis¬ 
sion time of the ground wave, pri¬ 
marily because of the greater dis¬ 
tance traveled but also becaii.se the 
wave travels more slowly during the 
proce.s.s of refraction. The difference 
between the two times is called the 
sky-wave delay. The delay observed 
at a point very near the transmitter 
(if penetration does not occur) is 
essentially equal to the transmission 
time of the sky wave. As the dis¬ 
tance increases the transmission time 
of the the sky wave increases but 
the transmission time of the ground 
wave increases more rapidly. The 
delay therefore decreases as the dis¬ 
tance of transmission increases and, 
in fact, becomes very nearly constant 
at distances of a thousand miles or 
more. Figure 7 shows the standard 
delay curve for loran, which is drawn 
for reflection from the E layer. The 
curve is a mean for night conditions 
at a frequency just below 2 me. It 
is never drawn back to zero distance 
because a 2-mc wave nearly always 
penetrates the night-time E layer 
at short distances and because the 
delay becomes more variable as the 
distance decreases. At distances less 
than 1.200 fi sec (about 200 nautical 
miles) the delay is completely unre¬ 
liable. Fortunately for loran the 
ground-wave service of the system 
is ordinarily available at distances 
up to those at which the iE’-layer 
transmission becomes satisfactory. 

The stability of the reflection be¬ 
comes greater at longer distances 
partly because grazing reflection is 
better than reflection at a steep angle, 
but primarily because a change in 
the height of reflection does not 
greatly change the total distance 
traveled by the ray. At a distance of 
a thousand miles the length of the 
sky-wave path increases only 1.78 
miles for a change in the height of 
reflection of 5 miles. This is a change 
in the time of transmission of less 
than 10 /isec or about one-fifth of the 
corresponding change at a short dis¬ 
tance. 
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FIG. 7—Dvlay in racvptlon ol a gky wavn 
aftvr rncnptlon of a ground wavo from tho 
samo trongmittor ig ghown og o function 
of digtanco ol the receiving point from the 
trangmitter. The curve hag been colculated 
to digtanceg beyond ground-wave reception 
in termg of the travel time of radio waveg 


Variations of five miles in the 
height of reflection are rare, but do 
occur at times. Their effect upon 
standard loran is not too large be¬ 
cause such an extreme variation is 
likely to exist over a large area. It 
will therefore operate to increase (or 
decrease) the transmission times 
from both stations of a pair so that 
the time difference measured by the 
navigator does not vary as much as 
the individual delays. 

The discussion in the last few para¬ 
graphs has been specifically applic¬ 
able to the E layer. Only this layer 
is used in loran because the F layer 
is too variable to permit prediction 
of the times of transmission with 
the necessary accuracy. A compari¬ 
son between the layers is given in 
Fig. 8 which shows the apparent 
variation of the line of position 
through a point in Bermuda. These 
observations were made as part of 
first experiments on loran. For ob- 



FIG. 8—^Apparanl davioilon of a lino ol 
position with tims using slgnols fellsctsd 
from tho E and F layors. As a rosult of 
this study, tho E loyor wos ehoson for loran 
work 
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vioiis reasons work involving the F 
layer was discontinued after that 
time. The example shown is typical 
of the behavior of both layers al¬ 
though the time of day was not fa¬ 
vorable to maximum stability of 
either. The average deviations of the 
line of position are 18 miles for the 
F layer and 2 miles for the E. The 
distance was 626 miles from the sta¬ 
tions, so that the equivalent average 
errors in the bearing of Bermuda, 
as seen from near New York, were 
1.7 deg for the F-layer experiment 
and 0.2 deg for the F-layer. 

As will be seen from the notation 
on Fig. 8, the layer can be selected 
by proper choice of frequency. At 
the time of these experiments 7.7 me 
penetrated the E layer while 3.0 me 
did not. The loran frequency is 
chosen as one which will be reflected 
by the E layer at all times at all dis¬ 
tances which will not be adequately 
served by ground waves. It is pos¬ 
sible that frequencies as high as 2.5 
me might satisfy this criterion, but 
both ground-wave range and sky- 
wave stability are improved by using 
lower frequencies. (The lower limit 
of frequency, incidentally, is that at 
which it becomes too difficult to gen¬ 
erate and radiate a sufficiently short 
pulse for loran purposes. With the 
criteria adopted for stafidard loran, 
this frequency is probably about 
1 me). 

Cliolc# of Loros Proqoosey 

It should be noted that the last 
paragraph did not state that signals 
at the loran frequency would not 
penetrate the E layer. They almost 
always do penetrate at short dis¬ 
tances and part of the energy usually 


penetrates the layer at long distances. 
This seems to be because, in contra¬ 
diction of what has been suggested 
above, the E layer is not really a 
smooth homogeneous layer at night, 
although it is in the daytime. At 
night the layer is porous, even gauzy. 
It seems to consist of many nuclei 
or clouds of ionization chiefly at 
about the .same height—a little below 
the height of the daytime or nor¬ 
mal E layer—with either spaces or 
patches of sparse ionization between 
them. The density of the ionization 
in the clouds is not very great so that 
2-mc rays pass vertically through the 
layer partly because of penetration 
of the clouds and partly by passing 
between them. At more grazing an¬ 
gles the probability of passing 
through the spaces becomes smaller 
and usually goes nearly to zero for 
transmission over the longer dis¬ 
tances. A diagram showing this ef¬ 
fect is given in Fig. 9. 

In general some energy will be 
reflected by the porous night-time E 
layer and some will pass through it 
and be reflected from the F layer. 
Multiple-hop transmission is possible 
in both cases so that the pattern of 
received pulses may be very complex. 
The structure of some of these com¬ 
ponents of the received pattern is 
shown in Fig. 10A. The way the cor¬ 
responding signals look on a linear 


time base is indicated at B. This 
diagram is idealized. 

The spotty character of the night¬ 
time E layer gives rise to pulses 
whose shape is not the same as that 
of the pulses when they leave the 
transmitter. Several of the small 
clouds of ionization in the neighbor¬ 
hood of the midpoint of the trans¬ 
mission path may reflect the pulse. 
While each reflection may be a com¬ 
plete and perfect reproduction of the 
transmitted pulse, the overlapping 
components arriving at the receiver 
may combine to give a very complex 
form indeed. This is particularly 
true at very short distances, say up 
to 100 miles, where often a family 
of ten or a dozen contiguous or over¬ 
lapping pulses may be seen. As the 
range increases the weak multiple 
pulses move toward each other and 
coalesce into a single strong pulse 
which occasionally has a more or less 
serious distortion of its shape. Fig¬ 
ure 11 shows some of the typical re¬ 
flection patterns received between, 
say, 100 and 400 miles from a loran 
transmitter. The reason for not 
using sky waves at very short dis¬ 
tances is clear. 

Tba Delay Csrv# 

The standard technique in loran 
is to measure to the first visible com¬ 
ponent of a pulse even though the 



FIG. 10—Mttltlple-pcilli transmissions eecur In manf combinations, only a low ol wbieh 
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pulse be complex. As seen in Fig. 
IIB this may be quite different from 
measuring to the dominant compon¬ 
ent. This decision was first made on 
theoretical grounds and was based 
on the belief that if a pulse should 
be simultaneously reflected from a 
number of clouds of ionization the 
part arriving first must travel by 
the simplest and most direct path 
and should therefore be the most re¬ 
liable. This thesis has been amply 
confirmed by experiment, as measure¬ 
ments made on the first component 
exhibit smaller mean deviations than 
those made in any other way. 

At the start of the loran program 
the night-time E layer was scarcely 
known to exist and its properties 
could not be predicted. It was neces¬ 
sary, therefore, in ine interest of 
speed, to determine the necessary 
factors empirically. More than this 
has not yet been done. Fortunately 
the layer was found to be remark¬ 
ably stable. That is, its character¬ 
istics change very little from one 
hour of the night to another. More 
surprisingly, the properties of the 
layer seem to be essentially the same 
at all latitudes, and to vary only 

simply and moderately between win¬ 
ter and summer. These auspicious 
discoveries greatly facilitated the use 
of sky waves for loran. 

The delay curve already cited was 
determined by making loran obser¬ 
vations on sky waves at accurately 
known points and comparing the ob¬ 
served readings with time differences 
calculated (for the locations where 
they could not be directly measured) 
in terms of ground-wave transmis¬ 
sion. 

Charts and tables for Standard 
loran are computed in ground- 
wave time differences even though 
the distances are so great that 
ground waves cannot be received. 

Sky-wave Cerreefioot 

A correction must be applied when 
sky waves are used. The correction 
can be read from the sky-wave delay 
curve if the distances to the two sta¬ 
tions are knowm Suppose that in 
Fig. 7 represents the distance of the 
navigator from the master station 
while U is the distance from the slave. 


The first-hop E layer sky wave from 
the master will arrive Ajr /isec after 
the ground wave and the correspond¬ 
ing slave pulse will be Aa /xsec later 
than its ground wave. Since the navi¬ 
gator measures the time difference 
between the M and S pulses his sky- 
wave reading will differ from his 
ground-wave reading (if he has 
made one) by (Ajf—A,) /isec. This 
amount is the sky-wave correction. 
In this case (closer to the master 
station) the sky-wave reading is 
smaller than the ground-wave read¬ 
ing. The correction is therefore called 
positive, so that when it is added to 
the sky-wave reading the ground- 
wave time difference, which is shown 
on the charts, will be obtained. 

The sky-wave corrections can, of 
course, be calculated easily at the 
time the charts are prepared. They 
are ordinarily exhibited on the charts 
as small numbers printed at the in¬ 
tersections of the whole degrees of 
latitude and longitude. The mag¬ 
nitude of the corrections is small so 
that interpolation by inspection is 
adequate. On the centerline of the 
pair and at long distances from both 
stations the corrections are zero be¬ 
cause the master and slave delays 
cancel each other. 

The delay curve was constructed 
through study of many thousands of 
loran sky-wave readings made at 
various distances from the stations. 
At short ranges both sky and ground 
waves could be received. Measure¬ 
ments of both against the ground 
wave of the other station of the pair 
gave two average readings whose dif¬ 
ference was the delay at the distance 
of the station whose sky wave was 
used. Points derived in this way are 
shown at A, B, and C of Fig. 7. For 
longer ranges, where ground waves 
could not be used, an inverse process 
had to be employed. The sky-wave 
readings of a pair were averaged and 
compared with the calculated ground- 
wave reading at the monitor station. 
The discrepancy (ci or e, in the fig¬ 
ure) was, of course, the sky-wave 
correction. Since the two distances 
were known, the correction gave the 
slope of a chord of the delay curve, 
as shown at Di - D. or — J?.. Many 
lines of this slope could be drawn in 
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an effort to find the vertical position 
of the line which would fit its end 
points into a smooth curve with the 
end points of other similar lines at 
other distances. If enough observa¬ 
tions are available, at enough dis- 
tance.s, the curve can easily be con¬ 
structed. 


Empiricol Formvio for Deloy 


The curve which, after three years 
experience in various latitudes, 
seems to be the best average approx¬ 
imation to the true values has been 
shown in Fig. 7. This curve is de¬ 
scribed by the equation: delay in 


jtisec 


« + 0.3 

0.18 X 10-^ 


/ 7,000 - f V . 

V 1,000 / 
/7,000 - 

V 1,000 ) 


1) is the minimum sky-wave delay 
which varies between 65 fisec in 
the winter and 76 jiisec in the 
summer 

t is the transmission time of the 
ground wave in ftsec 
This formula applies for distances 
less than about 1,180 nautical miles 
(where t = 7,000). For greater dis¬ 
tances the delay equals D. This equa¬ 
tion has no mathematical justifica¬ 
tion. 

As shown by the variation of the 
quantity /), the layer height is some¬ 
what greater in the summer. How¬ 
ever, the delay curve, for all practical 
purposes, simply moves upward so 
that the correction, which is always 
the difference between two delays, 
is not affected. There is an error in¬ 
troduced by this change in two cases; 
when the navigator may occasionally 
wish to measure the time difference 
between a sky wave and a ground 
wave, and in the case of the synchro- 
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nization path in SS Loran*** which 
will be discussed below. 

The only significant latitude effect 
which has been isolated is that the 
delay curve may be used at shorter 
distances at low latitudes. That is, 
near the equator fairly reliable op¬ 
eration may be had at as little as 150 
nautical miles, while at 46 deg lati¬ 
tude about 250 miles is the minimum 
safe distance. The curve itself does 
not seem to vary appreciably over 
the range from 25 N to 68 N within 
which it has been carefully checked. 

VorlfltioH in tho Sky-Wavo Dolay 

Since we propose to examine 
closely the averages and the mean 
deviations of the sky-wave delay and 
sky-wave corrections, it is necessary 
to test the accuracy with which trans¬ 
mitter synchronism can be main¬ 
tained. An example, somewhat better 
than normal, is given by readings 
from a pair of stations in the North¬ 
west Atlantic Chain observed at a 
monitor station where the computed 
reading was 3510.6 /nsec. The mean, 
as is usual, agrees with the compu¬ 
tation within 0.2 or 0.3 /xsec, and 
the average deviation is of the order 
of 0.6 /Asec. A series of sky-wave 
readings usually shows^an average 
deviation at least four or five times 
as great. It is, therefore, nearly al¬ 
ways satisfactory to assume that the 
synchronism of the transmitting sta¬ 
tions is rigid and that any deviations 
observed are the result of variations 
in sky-wave propagation. Exceptions 
to this assumption are usually ob¬ 
vious. 

Three distribution curves of ob¬ 
servations of the sky-wave delay are 
given in Fig. 12. The curves are 


drawn to have the same area and ex¬ 
hibit clearly the two important facts 
of sky-wave transmission for loran. 
The average delay diminishes as the 
distance increases, as shown by the 
delay curve, and the spread of the 
readings also decreases in about the 
same proportion. The probable er¬ 
rors in this set of observations are: 
9.9 /isec at 240 nautical miles, 9.0 
/Lisec at 290 nautical miles. 5.8 /xsec 
at 450 nautical miles. The first two 
are somewhat below the normal scat¬ 
ter at these distances. 

Loyar Haight Cerralotlont 

At long distances it is impossible 
to measure delay directly. Distribu¬ 
tion curves of the sky-wave reading 
(not delay) compared with the com¬ 
puted reading at distances of 870 
and 1,350 nautical miles show that 
the corresponding probable errors 
are 2.1 and 2.4 /isec, although a 
smaller error would be expected at 
the greater distance. These are er¬ 
rors in the sky-wave correction. As 
remarked above, major changes in 
the height of reflection of a sky wave 
may be expected to affect both trans¬ 
mission paths in the same way and 
therefore to cancel to some extent. 
In other words, there should be a 
correlation between the two delay 
patterns, and the errors of a sky- 
wave measurement would be smaller 
than if the two reflection points be¬ 
haved independently. For instance, 
the probable error of delay at a thou¬ 
sand miles averages about 3.9 /xsec. 
If every point in the reflecting layer 
varied independently, the probable 
error of a sky-wave reading would 
be about \/2 x 3.9 ftsec, or 6.5 /xsec. 
Actually, for base-line lengths of 
about 250 or 300 miles, the probable 
error of a reading is usually between 
1.5 and 2.0 /xsec for a thousand-mile 
range. This indicates a fair degree 
of correlation in the behavior of the 
layer at points separated by a hun¬ 
dred miles or more. 

The probable error of delay is 
shown in Fig. 13 as determined from 
monitor station readings on many 
different pairs of stations. The points 
for ranges greater than could be 
served by ground waves were de¬ 
termined during the American trials 
of the SS Loran system.** * The equa- 
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FIG. 13 —^Probobls srror ol dalay has bsan 
datarmlnod by actual obsarTatloi.s at 
monitor stations of Tarious poirs of trans* 
mittors 

tion given on the diagram defines the 
smooth curve but has no other sig¬ 
nificance. 

If no correlation existed between 
the layer heights at the two points 
of reflection, the probable error of 
a sky-wave reading would be found 
by taking the square root of the sum 
of the squares of the two values of 
probable error of delay for the two 
distances involved. Since there is a 
correlation, an estimate of the prob¬ 
able error of a reading can be made 
by multiplying the no-correlation 
value by a factor smaller than unity 
which can be obtained by experiment. 
This factor is given in Fig. 14 where 
it is plotted against the electrical 
length of the base line. The positive 
slope means simply that the greater 
the separation of the stations the less 
the variations in delay tend to cancel 
each other. The factor, ‘Trobable 
error of synchronization*', is given 
in the equation on the figure because 


FIG. 14—Tha iaeraaslag vcdiia of the 
conalolioB foelor, g, tadleatos fhol «■ the 
sopoicrtiOB of tioMialHom IncsMKnNM* voilci* 
iloM la dolay lo eoaeol foat. TWo 
dloo shows flmi ovor grool distaeos Iho 
loaoophofo dost aol maiw aallonaly 


















|00007S,(e^ 



.0L_-1-1_I_I 

0 • 10OD AOCMI aObO lOSD 








IONOSPHERE 


339 


sometimes, as in SS Loran, the abso¬ 
lute accuracy of synchronism cannot 
be assumed. In SS Loran, of course, 
the probable error of synchronization 
is equal to the probable error of de¬ 
lay at the distance separating: the 
stations. 

Shy*wav« Accaroey Pattarns 

The accuracy (or average error) 
with which a sky-wave loran reading 
can be made can be estimated by the 
method of the preceding section. 
This average timing error may or 
may not correspond to a significant 
number of miles depending upon the 
distance from the stations and their 
orientation with respect to the navi¬ 
gator. 

Ordinary geometrical methods per¬ 
mit the calculation of the number of 
miles corresponding to a change in 
reading of one microsecond. These 
formulas may be combined with the 
methods of this article to yield the 
average error of a sky-wave reading 

in miles. 

The probable error of a sky-wave 
line of position (in nautical miles) 
varies over the service area of a loran 
pair, whether standard or SS. It is 
of special interest to note that the 
errors increase very slowly with dis¬ 
tance along the center line of the 
pair. This is because the timing er¬ 
rors are nearly inversely proportional 
to distance and almost cancel the in¬ 
creasing geometrical error. Beyond 
the 1,400 mile limit or within 250 
miles of the stations it is not safe 
to use sky wkves because of ambig¬ 
uity in the first case and erratic be¬ 
havior in the second. 

The accuracy of SS Loran is 
greater than the sky wave accuracy 
of standard loran, because the long 
base lines greatly improve the geo¬ 
metrical accuracy, or miles per Atsec 
of timing error. The timing error it¬ 
self is not so good as in a standard 
loran, primarily because of sky-wave 
variations on the synchronizing path, 
but the timing error is not increased 
as much as the geometrical factors 
are improved. The total area served 
by an SS pair is not so great but the 
errors are smaller and more constant 
except along the base line extensions. 

One of the outstanding anomalies 
in tihe E region is the existence of 


sporadic ionization. This takes the 
form of clouds of free electrons, at 
a very constant height, which are 
sporadic in both time and space. They 
may appear at any time, day or 
night, and last for a few minutes or 
for hours. Their size may be any¬ 
thing up to hundreds of miles across. 
They sometimes appear to move with 
very great velocities and at other 
times they seem nearly stationary. 
The density of ionization is often low 
but occasionally is very great indeed 
—even greater than is ever observed 
in the F layer. On at least one occa¬ 
sion the density has been observed 
to be enough to reflect signals up to 
110 me over a thou.sand-mile path. 

These clouds are probably caused 
by corpuscular bombardment of the 
atmosphere by particles shot off by 
the sun, in much the same way that 
northern lights are formed. While 
sporadic £?-rcgion ionization may ap¬ 
pear at any time, it is most likely in 
the summer and at times of sunspot 
maximum. It is most probable at 
high latitudes and is very seldom if 
ever observed at the magnetic equa¬ 
tor—again like the aurora. 

In the early days of loran it was 
feared that signals from one station 
of a pair might be reflected from a 
cloud of sporadic E ionization while 
the other signals would be trans¬ 
mitted by the normal night-time E 
layer, thus leading to large and un¬ 
predictable errors. Fortunately this 
is not the case, apparently because 
the normal reflections occur at a 
height somewhat below that of the 
sporadic E, so that the signals never 

are propagated by the sporadic 
clouds. 

At very short distances sporadic E- 
region ionization frequently does 
cause strong steady reflections. Since 
the height of reflection differs from 
the normal, this contributes to the 
unreliability of sky-wave transmis¬ 
sion at short distances at 2 me. 

The best evidence to this effect is 
given in the table which exhibits the 
average value and probable error of 
sky-wave readings when sporadic E 
ionization is and is not present These 
data were taken in Ottawa, Canada, 
by the Canadian Navy, in May, June, 
and July, 1948, the season of maxi¬ 


mum sporadic ionization. During 
this period the sporadic E layer ap¬ 
peared about one-third of the time 
at Ottawa. Of course there is no 
proof that sporadic ionization existed 
at the points of reflection at the same 
time they were observed at Ottawa, 
but it is more likely to have existed 
there then than when it was not ob¬ 
served at Ottawa. As the table shows, 
there was no significant change in 
the loran reading at times when 
sporadic F-region ionization was ob¬ 
served. The probable errors (or aver¬ 
age errors) of the readings were 
actually smaller at those times, but 
the difference is not large enough to 
be significant except in the sense that 
it may be taken as proof that the er¬ 
rors were not larger in the presence 
of sporadic ionization. 


Effect of Sporadic E on Loran Readingi 



Normal 



No. of 

Mean 

Probable 

Pair 

Obtervaliont 

Raadins 

Error 

MF 

561 

2932.1 

3.2 

MB 


3816.3 

4.4 

DB 

368 

1342 5 

3.7 


1351 

'1 

SBBBBOBS 



During Sporadic £ j 

Computed 

Rtadint 

Pair 

No. of 
Obter* 
valiona 

Mean 

Reading 

Probable 

Error 

MF 

305 

2932.6 

2.9 

2932.4 

MB 

256 

3816.8 

3.6 

3814.7 

DB 

206 

767 

1341.8 

3.1 

1342.4 


Magnetic Activity 

The effect of sudden or large varia¬ 
tions in the earth’s magnetic field 
upon loran transmissions is known, 
but will not be discussed in this 
paper. It seems, however, that none 
of the ordinary phenomena which 
disturb radio transmissions have any 
appreciable effect upon the accuracy 
of loran sky-wave readings, although 
the reliability of the service may suf¬ 
fer in operating too near the mag¬ 
netic pole. 
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Ionosphere Measuring Equipment 

The pulse-reflection technique of ionosphere investigation 
requires a transmitting and receiving system which sweeps 
the region from 1 to 20 megacycles rapidly. Equipment 
described utilizes a common oscillator to facilitate tracking, 
and broad-band response to obviate tuning 


T he pulse method of ionosphere 
investigation' employs a series 
of radio signals of short duration 
which are transmitted, reflected, and 
received, as in radar. The pulses are 
longer, however, and the distances 
(and elapsed times) are greater. 
Much lower frequencies are used, as 
the purpose is the investigation of 
the ionospheric characteristics on all 
frequencies between 1 and 20 mega¬ 
cycles. 

It is necessary to make measure¬ 
ments over the entire frequency 
range In as short a time as possible, 
so that the ionosphere will not 
change noticeably during the record¬ 
ing. This paper describes a system 
which eliminates nearly all mechani¬ 
cal problems and provides perfect 
tracking of the transmitter and re¬ 
ceiver. 

Systems Now in Use 

One system which is used in equip 
ment developed by The Bureau ot 
Standards' has a pulsed transmitter 
linked to a receiver by a beat-fre¬ 
quency system. The output of a var¬ 
iable-frequency oscillator is mixed 
with the output of an oscillator oper¬ 
ating at the intermediate frequency 
of the receiver. The ^difference of 
these two frequencies is selected and 
amplified in the transmitter. Signals 
to be received are mixed with the 
output of the variable oscillator, the 
frequency difference then being the 
receiver intermediate frequency 
which is amplified and detected in 
the usual manner. 

In this instrument the variable os¬ 
cillator, converter and power ampli¬ 
fier are tracked by means of cams. 


By P. 6. SULZER 

This system appears to have the 
usual disadvantages that are con¬ 
nected with mechanical tuning ar¬ 
rangements. One very good charac¬ 
teristic of the system, however, is 
the heterodyne scheme which insures 
that the receiver and transmitter are 
always operating on the same fre¬ 
quency. 

Another system currently em¬ 
ployed is that in the Type 249 equip¬ 
ment of National Physical Labora¬ 
tory (British) design, which uses the 
frequency-modulation method of de¬ 
veloping pulses.'* The transmitter is 
tuned rapidly by a motor-driven ro¬ 
tating capacitor through the fre¬ 
quency on which the receiver is op¬ 
erating; the receiver is therefore sub¬ 
jected to a pulse whose shape and 
duration depend on the bandwidth 
of the receiver and the rate of 
change of transmitter frequency. 
The portion of the energy in the pass 
band of the receiver which is radi¬ 
ated and returned to the installation 
by the ionosphere will be recorded as 
a pulse. The frequency modulation 
method as employed in this equip¬ 
ment is inefficient as compared to 
pulse methods since the transmitter 
is operating continuously and only a 
portion of the total received energy 
is utilized by the receiver. Another 
disadvantage of the system is the 
fact that the effective pulse width 
will in general not be constant, unless 
the rate of change of the transmitter 
frequency is maintained at a uni¬ 
form level over the frequency range, 
which is usually not the case. As a 
result the height resolution of the 
equipment varies over the frequency 
bwd employed. To produce narrow 


pulses, the transmitter frequency 
must be varied rapidly across the re¬ 
ceiver frequency range by a high 
speed motor-driven inductor or ca¬ 
pacitor. 

Exptrimestol System 

The system to be described em¬ 
ploys a heterodyne method similar to 
that used in the Bureau of Standards 
equipment in that the receiver and 
transmitter are linked by a beat- 
frequency arrangement. In the new 
system, however, complicated tuning 
arrangements are avoided by the use 
of untuned receiver input and trans¬ 
mitter circuits. Figure 1 shows a 
block diagram of the system. It will 
be noted that the common oscillator 
(common to both the transmitter and 
the receiver) is tuned from 31 to 60 
megacycles. In the transmitter these 
frequencies are mixed with the out¬ 
put of a 30 megacycle pulsed oscilla¬ 
tor. The difference frequency, which 
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varies from 1 to 20 megacycles, ex¬ 
cites an untuned wide-band ampli¬ 
fier, which feeds the antenna. In the 
receiver, incoming signals whose fre¬ 
quencies vary from 1 to 20 mega¬ 
cycles are mixed with the 31 to 50 
megacycles from the common oscil¬ 
lator. The difference frequency, 
which is constant at 30 megacycles, 
is amplified and detected with a su¬ 
perheterodyne receiver. Since the 
transmitter and receiver are con¬ 
trolled by the same oscillator they are 
always operating on the same fre¬ 
quency. 

The system under discussion has 
no serious mechanical limitations; 
there are no variable capacitors ro¬ 
tating at high speed and there are no 
cams. The frequency range may be 
covered as rapidly as desired, since it 
is necessary to rotate only one small 
variable capacitor to tune the trans¬ 
mitter and receiver from 1 to 20 
megacycles. It is comparatively easy 
to obtain high output power. 

There are, however, two undesir¬ 
able features of the system. In the 
first place the untuned receiver input 
circuits permit cross-modulation 
from local stations, generating a 
series of interfering voltages at fre¬ 
quencies throughout the entire fre¬ 
quency range. This has not been suf¬ 
ficiently serious to prevent good rec¬ 
ords from being obtained. Second, 
because the transmitter is untuned a 
large number of stages of amplifica¬ 
tion is necessary to obtain high 
power. This does not seriously de¬ 
crease the overall efficiency. 



FIG. 2—Simplili*d ich^matic wiring diagram oi the common oscillotor 



lotic Units of Now Systom 

The experimental model of the sys¬ 
tem, which will be described below, 
consists of five basic units; the com¬ 
mon oscillator, transmitter, receiver, 
time base, and indicator. As illus¬ 
trated in Fig. 2, the common oscil¬ 
lator uses a 6J5 tube connected in 
the cathode-tap Hartley circuit. Volt¬ 
age from the cathode drives the buf¬ 
fer 6AG7 isolating the oscillator 
from the transmitter and receiver 
circuits. The oscillator and buffer 
capacitors are ganged and driven by 
a 1-rpm motor. Since these capaci¬ 
tors have semi-circular plates, the 
complete frequency range is covered 


in 180 degrees rotation of the ca¬ 
pacitor shafts, which takes 30 sec¬ 
onds. Link coupling is used between 
the buffer tank circuit and the coax¬ 
ial lines to the transmitter and re¬ 
ceiver. The motor also drives a 
center-tapped potentiometer that is 
connected to develop a positive volt¬ 
age. This voltage is zero when the 
oscillator is operating on 31 mega¬ 
cycles, and increases to 4-50 volts at 
50 megacycles. It is used to drive 
the horizontal deflection circuits in 
the indicator, deflection depending 
on the operating frequency of the 
equipment. Since the tuning capaci¬ 
tors are always rotating in the same 


direction, the oscillator will pass 
through a given frequency once when 
the capacitor plates are meshing and 
once when they are unmeshing. It is 
necessary that the horizontal deflec¬ 
tion voltage supplied to the indicator 
be the same for these two positions. 
A trace overlap control is provided to 
correct for errors in the location of 
the potentiometer center-tap. 

LinifofioNt fo Rate of Proqooney Swoop 

With this arrangement there is a 
limitation to the speed in covering 
the frequency range—the speed with 
which the capacitors can be rotated. 
However, if the operating frequency 
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FIG. 4—Circuit diogram of th« widu-bcmd ruculvur ui*d to moosuro tho dolay 
botwoon tho troaomlttod ilgaol and that roiloctod Iron tho Soaoophoro 


is ehanpred too rapidly, it is found 
that by the time the echoes return to 
the receiver the common beating os¬ 
cillator is tuned to another frequency, 
and the echo signals are received on 
the slope of the selectivity curve of 
the i-f amplifier, resulting in a loss 
of sensitivity and distortion of the 
received pulse. If the frequency 
range from 1 to 20 megacycles is cov¬ 
ered in 30 seconds, echoes from a 
height of 1,000 kilometers will be 
detuned 4.2 kilocycles. This amount 
of detuning is not considered to be 
serious and the use of the 1 rpm ap¬ 
pears to be satisfactory. 

The transmitter, Fig. 3, begins 
with a pulsed Hartley oscillator, us¬ 
ing a type 6J6 operating at 30 mega¬ 
cycles. The time base supplies a bias 
of —150 volts to the oscillator grid; 
this fixed bias is removed during the 
pulse, when the tube operates. This 
oscillator drives the suppressor grid 
of a 6AC7 mixer, the control gria of 
which is driven by the common oscil¬ 
lator. The mixer is of the plate-de¬ 
tector type, and operates with a 500- 
ohm load resistance. This low value 
was chosen to provide uniform gain 
over the band of frequencies covered 
by the equipment. The most impor¬ 
tant frequency appearing across this 
load is the difference-frequency, 
which varies from 1 to 20 megacy¬ 
cles. Since the output of the mixer 
is down 3 db at 15 megacycles, any 
sum or higher-order frequencies are 
of little importance. Following the 
mixer are two stages of amplification 
using 6AC7’s which also have 500- 
ohm load resistors. Next is a 6AG7 
amplifier with a 500-ohm plate re¬ 
sistor. This stage is slightly over¬ 
driven, the result of which is a lim¬ 
iting action that helps to maintain 
constant output. The 6AG7 drives a 
single 807 amplifier, 'i^th zero bias 
and high plate current (150 milliam- 
peres). This tube develops 30 volts 
rms across 500 ohms, which is suffi¬ 
cient to excite the push-pull 807 
stage. This stage is in effect, a phase 
inverter, the grid of the lower tube 
on the diagram being driven by the 
plate of the upper tube. These tubes 
develop 120 volts plate-to-plate, 
which is enough to excite the 4-250A 
stage, which is a pulsed class-A am¬ 
plifier. Normally the time base sup¬ 


plies sufficient bias for plate current 
cutoff; w’hen the transmitter is 
pulsed the bias is —10 volts and 
each tube draws 600 milliamperes of 
plate current on peaks. Continuous 
operation under these conditions 
would, of course, be out of the ques¬ 
tion because of plate dissipation and 
power .supply limitations. The 
4-250-A’.s drive the final amplifier, 
push-pull 304TL’s, which have a plate 
supply of 5,000 volts and a normal 
grid bia.s of —1,000 volts. This is de¬ 
creased to —50 volts when the trans¬ 
mitter pulses, and each plate draws 
2.5 amperes peak current during the 
pulse. The load on this stage is a 
vertically directed rhombic antenna, 
which presents an average impe¬ 
dance of 800 ohms over the fre¬ 
quency range used. The power out¬ 
put at 1 megacycle is 7 kw peak in a 
1,000-ohm load, decreasing to 1 kw at 
20 megacycles. 

Raeeivar Design 

The receiver, Fig. 4, is a double 
intermediate frequency superhetero¬ 
dyne. The first detector uses a 6J6 
operated as a balanced mixer. Volt¬ 
age from the common oscillator is 
applied to the cathodes of this tube 
in parallel, while the incoming sig¬ 
nals are applied to the grids in push- 
pull. The plates are also connected in 
push-pull, with the plate coil induc¬ 
tively coupled to the first i-f grid cir¬ 


cuit. It was found that cross modu¬ 
lation from stations operating in the 
broadcast band was serious in this 
stage, and it was necessary to use 
a high-pass filter to decrease the 
strength of these signals. In its 
present form this is merely the shunt 
coil shown in the diagram, which 
also acts as a transformer to con¬ 
nect the receiving antenna to the 
mixer grids. Like the transmitter, 
the receiver also uses a vertically 
directed rhombic antenna. It was 
found that the sensitivity of the 
first receiver model was very poor 
below 2 megacycles. This was caused 
by the blocking of the first i-f stage 
by the common oscillator, which is 
near the 30-megacycle i-f when the 
equipment is working in this fre¬ 
quency range. The sensitivity was 
improved by increasing the selectiv¬ 
ity of the tuned circuit in the grid of 
the first 30-megacycle i-f stage by 
tapping the grid down on the coil, as 
shown in the diagram. The 30-mega¬ 
cycle i-f amplifier consists of two 
stages employing 6AC7 tubes. The 
gain of the receiver is controlled by 
varying the screen voltage of the sec¬ 
ond stage. Following these is the 
6K8 second converter, which changes 
the i-f to 1.6 megacycles. Then there 
is one 6AC7 i-f stage at the 1.6 mega¬ 
cycle frequency. Following it is a de¬ 
tector using one section of a 6H6, ^e 
other half of which is used as a limi- 
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ter. The bandwidth of the receiver 
is 20 kilocycles for 3 db down, while 
the sensitivity is better than 1 micro¬ 
volt for 1-volt output over the entire 
frequency range. 

The present experimental model 
receiver is not entirely satisfactory 
for the following reasons: low sensi¬ 
tivity between 1 and 2 megacycles; 
cross modulation between the com¬ 
mon oscillator and harmonics of the 
receiver local oscillator used to con¬ 
vert to 1.6 megacycles (Result is 
many dead spots across the band. 
This effect could probably be elimi¬ 
nated by better shielding). 

Time lat« Genvrcitor 

The functions of the time base, 
Fig. 5, are synchronized to the 
power-line frequency. Tube V', is a 
distorting amplifier, whose output is 
a square wave. This is differenti¬ 
ated and used to drive Fj, a conven¬ 
tional trigger circuit. The plate volt¬ 
age of Fa, is a positive pulse whose 
duration can be easily controlled. In 
this equipment it is 3,300 or 6,600 
microseconds long, depending on 
whether the range switch is set at 
500 or 1,000 kilometers. This pulse 
drives an inverting amplifier, Va», 
which operates the sweep generator 
and height-marker generator. The 
output of the sweep generator is a 
sawtooth wave, which gives a linear 
sweep in the indicator. The height- 
marker generator contains a switch 
tube, a negative-resistance oscillator, 
a squarer, and an amplifier. The os¬ 
cillator, Fo, is of the negative-resis¬ 
tance type, with cathode coupling*. 
This is switched on by means of a 
cathode follower, F.<. The sine wave 
from the oscillator is squared by 
Fe« and Vu> The square wave is dif¬ 
ferentiated and applied to the grid 
of Fth, an amplifier whose output is a 
series of positive pulses, one for each 
cycle from the oscillator. These are 
applied to the grid of the cathode-ray 
tube in the indicator, producing lines 
at the proper intervals. Since 100- 
kilometer markers were desired, the 
total distance the waves will travel 
between markers will be 200 kilo¬ 
meters, corresponding to a time of 
200/800,000 or 1/1,500 second. The 
oscillator frequency was therefore 
set at 1,500 cycles. 


The trigger tube, V^a, also drives 
the gate amplifier, Fm, whose output 
is a negative pulse. This is applied to 
the cathode of the cathode-ray tube, 
increasing its intensity during the 
sweep. 

The transmitter pulsing circuit 
uses the so-called bootstrap amplifier, 
used in the modulators of some of 
the early loran and radar transmit¬ 
ters. The 60-cycle square wave from 
the plate of F,, is differentiated and 


used to drive the grid of F., an am¬ 
plifier, with an output of positive 
pulses. These are passed through F^, 
a diode, to the grid of F„„ a thyra- 
tron. This tube effectively connects 
a charged artificial transmission line 
across a load resistance. The dis¬ 
charge of the line is in the form of a 
positive rectangular pulse, whose du¬ 
ration depends on the constants of 
the line. The pulse is applied between 
the control grid and cathode of F„, 



no. S—Tlmlag drciiltt used to trigger the trcmuiltter and provide timo marki 
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FIG. 7—Photo^rciplif oi cathod«<rary tube 
pattenii obtoiaed with the ioaoiphere 
mecnniring equipment. Layer heiqhte are 
plotted vertically and irequency horlson- 
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the modulation tube, which has its 
load resistance in its cathode circuit. 
The output is a positive pulse of 
1,000 volts amplitude, which is used 
to pulse the power amplifier. The 
modulator might at first appear to be 
a cathode follower; there is, however, 
no degenerative action, since cath¬ 
ode voltage is not subtracted from 
the driving voltage. The thyratron, 
with its associated circuits, follows 
the cathode potential of the modu¬ 
lator hence the name bootstrap. 
There are two other pulse outputs, 
obtained from a tap on the modulator 
load. The amplitudes of these pulses 
are controlled by the two halves of 
Via, which are connected as diode lim¬ 
iters. One of these pulses operates 
the 30 megacycle oscillator in the 
transmitter, while the other controls 
the 4-250-A stage. 

When the cathode of the modu¬ 
lator goes positive, the cathode and 
plate of the thyratron also go posi¬ 
tive. If the grid of the thyratron 
were connected directly to the pulse 


circuits of r,,, it would remain 
negative for a time, and would be 
bombarded by positive ions. The 
combination of the diode K, and va¬ 
rious decoupling resistors allows the 
grid to go positive also, preventing 
this bombardment. 

The indicator. Fig. 6, uses a 
K100SP7 12-inch cathode-ray tube, 
with a total accelerating voltage of 
10,000. Video signals from the re¬ 
ceiver and height markers from the 
time base are applied to its grid with 
positive polarity. The cathode-ray 
tube is gated by means of negative 
pulses applied to its cathode. The 
vertical deflection amplifier, which 
is driven by voltage from the poten¬ 
tiometer in the common oscillator 
unit, uses a pair of 807*s in push-pull. 
It was necessary to use direct coup¬ 
ling between these tubes and the 
horizontal deflection plates because 
of the low sweep frequency used 
(1/30-aecond). Positioning is ob¬ 
tained by varying a positive bias on 
the control grid of one of the 807's; 
this system is similar to that used 
in some DuMont oscilloscopes. The 
vertical deflection amplifier, which 
uses 6V6’s, is driven by the sweep 
output of the time base. Positioning 
is obtained in this case by the usual 
dual potentiometer. 

Raeording lonotphara Chorocfaritfict 

The record now obtained in 
ionosphere sounding usually takes 
the form of an h'-f curve, in which 
the vertical heights h' are plotted as 
a function of frequency /. These 
data are normally recorded on film or 
paper. In the new equipment per¬ 
manent records have not been made 
automatically, although there is un¬ 
der development a system for doing 
this. The h/-f curve appears on the 
screen of a long-persistence cathode- 
ray tube. The vertical sweeps take 
place every l/6fi-aecond, and have 
durations of 3,300 or 6,600 microsec¬ 
onds, to give full-scale virtual 
heights of 500 or 1,000 kilometers. 
The vertical sweep line is moved 
across the face of the tube as the fre¬ 
quency changes, giving a two-dimen¬ 
sional record. Although automatic 
photographic recording has not yet 
been provided, it is possible to take 


time-exposure photographs of the 
runs, a few of which are included in 
Fig. 7. The height markers appear 
as horizontal lines, while the fre¬ 
quency markers are dots along the 
bottom of the record. 

The record marked 13:00 shows 
the layers that usually appear during 
the day. Proceeding from left to 
right, the E-Iayer starts at 3 mega¬ 
cycles and extends slightly past 4. 
The increase in height from 100 kilo¬ 
meter to 140 indicates an E critical 
frequency. Immediately above this 
the F, layer starts at a height of 220 
kilometers. The height decreases 
slightly as the frequency is raised, 
and then increases to 260 kilometers 
at 5 megacycles; this is the criti¬ 
cal frequency. From here on the 
record shows Fa layer which splits at 
7.5 megacycles because of the earth^s 
magnetic field. There are two critical 
frequencies associated with this, the 
ordinary at 8.5 megacycles and the 
extraordinary at 9.2 megacycles. The 
F, layer is frequently split, but that 
does not appear on this record. A 
multiple refiection may be seen above 
the Fx and F* regions. In this case 
the down-coming echo has been re- 
fiected by the earth and makes one 
more trip up and down. The vertical 
lines are interference from stations 
in the operating range of the equip¬ 
ment. 

The writer wishes to acknowledge 
the cooperation of the Department of 
Terrestrial Magnetism, Carnegie In¬ 
stitution of Washington, whose facil¬ 
ities were used in the construction 
and testing of the equipment. 
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Ionosphere Equipment for Field Use 


A simplified technique for pulsed ionosphere measurements uses unattended recording 
equipment. The receiver is remotely located from the variable-frequency transmitter 
but automatically follows frequency excursions throughout the signal spectrum 

By BLENN H. MUSSELMAN 


I N INVESTIGATIONS of the iono- 
sphere the relationship between 
the E-layer critical frequency and 
time» during a solar eclipse, is of 
fundamental importance. The ra¬ 
diation received from the sun de¬ 
creases and then returns to normal 
in a cycle that consumes a few 
hours, at the most, compared with 
the period of the normal day-and- 
night cycle. Comparison of eclipse 
observations with data taken on 
normal days yields information that 
aids materially in understanding 
the behavior of the ionized regions 
above the earth's surface. 

The partial solar eclipse of No¬ 
vember 23, 1946, was observed in 
the Boston area about noontime. 


On a normal day there is a flat 
maximum of the E-layer critical 
frequency at about local noon; this 
eclipse, therefore, promised to show 
a dip in an otherwise relatively flat 
curve as illustrated. The dip re¬ 
sults from reception of decreased 
solar radiation,' and the magnitude 
and shape of the curve are related 
to the variation of the exposed area 
of the sun during the eclipse period. 
The critical frequency in this case 
dropped from about.3.4 me to 2.8 
me, which is commensurate with a 
50-percent eclipse taking place at 
noon. 

loBosphsra Msassrsiiisiit Systemi 

As there is no known method of 


postponing an eclipse, limited time 
was available for the design and 
construction of a complete working 
system, and some of the more elab¬ 
orate and involved equipment ar¬ 
rangements were avoided in favor 
of simpler gear capable of obtain¬ 
ing the necessary data with reason¬ 
able accuracy. 

One possible arrangement is to 
place the transmitter beside the 
receiver with the controls located 
so that both units are hand-turned 
by an experienced operator. This 
probably represents the simplest 
design, but requires a skillful and 
patient manipulator, if not a crew 
of them, for any extended opera¬ 
tion. A second system is one in 


Circuit diogrom of the receiver ueed in ionosphere measurement work and described in detoii in the text 
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FIG. 1—Variatloii of E*lciyor critical fro- 
quoncy* with tiino 

which both the transmitter and 
receiver are individually driven by 
synchronous motors operating from 
a common power main. This is 
used widely in present day sweep- 
frequency gear and is exceedingly 
reliable. The disadvantage is that 
the tuning characteristics of the 
two units must be carefully tailored 
to match throughout the entire fre¬ 
quency range. 

Probably the most modern, in¬ 
tegrated design is one in which a 
common motor-driven tuned oscil- 
lator» in conjunction with hetero¬ 
dyning, serves to control both trans¬ 
mitter and receiver frequencies.* 
Good results are obtained by this 
method but the complexity is justi¬ 
fied only where a wide frequency 
range is mandatory, and if the 
equipment is intended for continu¬ 
ous operation over a long period. 

Field Reqelremeett 

The equipment requirements for 
eclipse observations are as follows: 

(1) Since all of the activity cen¬ 
ters around the receiver and re¬ 
cording equipment, it is desirable to 
locate the transmitter with its high- 
voltage circuits apart from these. 
Some separation between the trans¬ 
mitting and receiving antennas is 
also desirable to reduce the ampli¬ 
tude of the ground wave, or main 
bang, in the receiver. Unless spe¬ 
cially gated attenuator circuits are 
contained in the receiver, operation 
of the two units in the same room 
results in terrific receiver over¬ 
loading. 

(2) The receiver should be sub¬ 
stantially automatic in its tuning, 
leaving the operating personnel 
free to develop the records and plot 
the data as secured. 


(8) The entire equipment should 
be simple so as to reduce construc¬ 
tion time, and so that it may be 
easily set up at any distant point. 

Treetmlffiae Iqalpinmt 

The transmitter consists of a 
pulsed variable-frequency power 
oscillator of about 10-kw peak 
power, coupled into a long-wire re¬ 
sistance-terminated horizontal an¬ 
tenna. The primary features of 
this antenna are that it will radi¬ 
ate some power over the frequency 
range used, and that the input im¬ 
pedance characteristics are such 
that the antenna does not mate¬ 
rially influence the oscillator fre¬ 
quency. The frequency range is 
1.5 to 4.0 me. The transmitter 
sweeps continuously between these 
two limits, requiring four minutes 
for the complete cycle. The emitted 
pulses rise in 30 microseconds, are 
about one hundred microseconds 
long, and are spaced one-tenth of a 
second apart. 

Reeertflaq fb# Sigaolt 

The recording equipment was in¬ 
stalled in another building about a 
half-mile away, and comprised 
servosweep circuits, an oscilloscope 
fitted with a continuously recording 
camera, and the sweep-frequency 
receiver described below. The trace 
of the scope is horizontal and is in- 
tensity-modulated by the video out¬ 
put of the receiver, combined with 
height markers. 

The sweep-frequency receiver 
uses a folded doublet half-wave 
horizontal antenna cut for 2.9 me 
and fed with a 300-ohm twin lead 
transmission line. The tube lineup 
consists of a 6SK7 r-f amplifier, a 
6SA7 mixer, three 6SK7 broad¬ 
band i-f amplifier stages, a 6SN7 
diode detector and a 6AC7 video 
amplifier. The r-f, mixer, and oscil¬ 
lator circuits are tuned by a three- 
gang 865 fi/if-per-section tuning 
capacitor. The shaft of this ca¬ 
pacitor carries an 8-inch diameter 
aluminum disk dial. The edge ef the 
disk is grooved for a dial drive cord, 
and the face is covered with card¬ 
board, suitably marked with a fre¬ 
quency calibration. Slots are cut in 


the cardboard so that an electrical 
contact can complete a relay circuit, 
thus providing frequency marks on 
the record as the receiver tunes. 

Cireeit Aealyiif 

The r-f and mixer stage gain is 
fixed as indicated in Fig. 2. The 
i-f stage gain is adjusted by a re¬ 
sistor common to the cathodes. The 
total bandwidth of the i-f section is 
about 40 kc at the half-power 
points. The overall bandwidth is 
less than this due to the selectivity 
of the r-f and mixer circuits, and 
consequently varies with frequency. 
If the r-f and mixer circuits are 
damped heavily, the overall band¬ 
width approaches that of the i-f 
alone, but this is accompanied by 
a degradation of the desired signal- 
to-image response ratio. Corres¬ 
ponding to the selectivity curves 
shown, the image response is down 
54 db when the receiver is tuned 
for a desired signal of 2.0 me, and 
32 db when tuned for 4.0 me. The 
overall gain against frequency is 
essentially constant as shown in 
Fig. 3. 

The output of the mixer stage, 
besides feeding the i-f channel, also 
feeds a 6AC7 limiter-amplifier tube 
which in turn excites a three-coil 
frequency discriminator. The peaks 
of the discriminator are spaced 
about 15 kc above and below the 
center i-f. The usual diode detec¬ 
tors are replaced by 6Y6 tubes con¬ 
nected as so-called infinite imped¬ 
ance detectors. In order to realize 
a satisfactory average rectified volt- 
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FIG. 3—R»C9iT*r gain as a function of 
dosirod froquoncy 


age across the detector loads, it is 
necessary to employ a time constant 
in excess of the recurrence inter¬ 
val of the r-f pulses. A conflicting 
requirement is that if the load volt¬ 
age is to be able to follow the vari¬ 
ations in amplitude of successive 
pulses, a small time constant is in¬ 
dicated. The design was compro¬ 
mised at 0.2 seconds with a 2.0- 
megohm resistor and O.l/nf capaci¬ 
tor. If the leakage resistance were 
no problem a higher impedance cir¬ 
cuit with the same time constant— 
say, 20 megohms and 0.01 /utf— 
would require less charging current 
from the tube for the same voltage 
output. A 6SN7 tube connected as a 
pair of cathode followers is used as 
an isolation stage. Across these 
latter cathodes is connected a zero- 
center voltmeter that serves as a 
tuning indicator. The voltmeter 
reads zero when the receiver is 
properly tuned so that the pulses 
fall in. the center of the i-f pass 
band. The magnitude and polarity 
of the voltage are proportional to 
detuning over a range of about 
10 kc either side of the center fre¬ 
quency as shown in (Fig, 4). 

In order to suppress the effects 
of varying signal strength (result¬ 
ing from changes in radiated power 
from the transmitter and varying 
antenna efficiencies at both receiver 
and transmitter as a function of the 
frequency) it is desirable to pro¬ 
vide limiting in the 6AC7 tube. 
This same limiting, of course, 
tends to remove the selectivity ef¬ 
fects of the front-end circuits to a 
certain extent. A rather subtle dis¬ 
advantage of limiting is that since 
the desired r-f pulses are short 
compared to the recurrence inter¬ 



FIG. 4—Diicriminator output charactorli- 
tici with lOO'inlcroTolt signal at antsnna 


val (100 fisec compared to 100,000 
fjLsec) continuous carrier signals of 
much smaller amplitude can pro¬ 
duce equivalent discriminator ac¬ 
tion during the long interval be¬ 
tween pulses. In other words, with 
a given desired pulse voltage at the 
antenna terminals, the more limit¬ 
ing, the more sensitive the discrim¬ 
inator is to weak, undesired, con¬ 
tinuous-wave signals. The relation¬ 
ship between antenna terminal 
voltage and the voltage at the plate 
of the limiter amplifier is shown in 
Fig. 6. The received ground-wave 
pulses average about 100 millivolts, 
so that there is sufficient limiting 
1;o take care of changes in signal 
strength of 2 to 1 or 3 to 1. There 
is another factor that tends to favor 
the c-w signals. The detector load 
capacitors charge up to produce an 
average d-c voltage which more 
nearly approaches the peak value of 
the signal voltage when that signal 
voltage is continuous rather than 
pulsed. 


Automatic Tuuor 

The difference voltage caused by 
detuning, hereafter called error 
voltage, is amplified by a 6SN7 d-c 
amplifier. The plates of this tube 
are connected to the normally 
biased-off grids of two type 2050 
thyratron tubes. The thyratrons 
are connected with a power trans¬ 
former and a small motor in a 
bridge circuit. The motor has a 
permanent-magnet field so that the 
direction of rotation of the arma¬ 
ture depends on the polarity of the 
voltage applied to it. If either grid 
of the 6SN7 is made negative with 
respect to the cathode, the appro¬ 
priate thyratron grid goes positive 
and plate current flows through the 
motor armature. The motor will, of 
course, rotate in the opposite direc¬ 
tion when a negative voltage is ap¬ 
plied instead to the opposite 6SN7 
grid. Having one 6SN7 grid go 
positive is undesirable, so two 
1N34 diodes are arranged to con¬ 
vert the entire error voltage into a 
negative component appearing at 
one 6SN7 grid only. It will be seen 
that the diodes force the 6SN7 
cathode reference potential to fol¬ 
low whichever grid is more positive 
w^ith respect to ground. This fea¬ 
ture doubles the sensitivity of the 
servo amplifier. 

Figure 6 shows the motor speed 
as a function of error voltage. The 
flat spot in the center of the char¬ 
acteristic is deliberate, and can be 
varied by adjustment of the thy- 
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ratron grid bias. A nonlinear re¬ 
sistance in the form of a 6-watt 
125-volt lamp is connected across 
the motor armature and this, in 
conjunction with the flat spot, prac¬ 
tically eliminates hunting. When 
the error voltage decreases to 
about 5 volts, the voltage applied to 
the armature approaches zero, the 
lamp filament cools, and its resis¬ 
tance decreases. The low resistance 
dissipates the power generated by 
the coasting armature, thereby act¬ 
ing as a brake and preventing over¬ 
shoot. 

The motor drives an 80-to-l 
worm gear reduction box termi¬ 
nating in a 34-inch diameter pulley. 
This pulley cord drives the main 
tuning dial. 

When the pulse signals are prop¬ 
erly tuned in with appropriate ad¬ 
justments, the motor-driven tuning 


follow.s the transmitter frequency 
faithfully. Since the ground wave 
from the pulse transmitter is at 
least 100 times greater than the 
strongest reflection (this .statement 
concerns the arrangement described 
and would not hold true for a 
greater separation between trans¬ 
mitter and receiver), discrimi¬ 
nator action, and consequently re¬ 
ceiver tuning, tracks on the ground 
wave only. 

Observation of the tuning meter 
indicated that the receiver tuning 
was generally within 2 kc of the 
transmitter frequency. The shape 
of the reflections as observed on a 
monitor scope indicated that this 
amount of detuning was in no way 
detrimental. 

It mu.st be remembered that the 
receiver as described needs to be 
located so close to the transmitting 


antenna that the ground-wave sig¬ 
nals greatly override all noise 
bursts and .signals from other 
sources. 

In order to make the receiver less 
sensitive to general channel inter¬ 
ference, the limiter-amplifier cir¬ 
cuit might be gated so as to be oper¬ 
ative only for a period of a few 
hundred microseconds at the time 
of each ground-wave pulse. Syn¬ 
chronization with the transmitter 
timing would then be required, but 
this could be obtained readily from 
the oscilloscope sweep circuit. An 
improvement along this line would 
allow greater separation between 
transmitter and receiver. The at¬ 
tendant advantage is that the 
ground wave would be greatly re¬ 
duced in amplitude, possibly to the 
extent that it would be comparable 
to the E-layer 'reflection. Loran 
pulse-matching technique demon¬ 
strates the improved measuring ac¬ 
curacy obtainable when pulse am¬ 
plitudes are equalized. It is reason¬ 
able to expect that in the future 
some adaptation of this technique 
will find its way into ionosphere 
sounding equipment. 
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Recording Sky-Wave Signals 

Description of monitoring station set up by Canadian government to investigate sky- 
wave interference occurring when two or more broadcast stations share the same chan¬ 
nel. Signal stre/igth of a station is recorded on strip chart for several hours, and photo¬ 
electric scanner then determines percent of t ime signal exceeds any selected value 

By WILBERT B. SMITH 


A GOOD DEAL of the energy ra¬ 
diated from standard-band 
broadcasting stations is reflected 
from the ionosphere and returns 
to earth at a distance from the sta¬ 
tion. This phenomenon is an ad¬ 


vantage in the case of dear-channel 
stations since it augments the cov¬ 
erage, but where channels are 
shared by two or more stations in 
the same region it may produce 
interference which seriously limits 


the coverage otherwise obtainable. 

In the broadcast allocation struc¬ 
ture, due cognizance must be taken 
of the effects of sky-wave signals. 
Ground-wave propagation is calcu¬ 
lated from verified theoretical 
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curves, but because of the many in¬ 
determinable factors involved in 
sky-wave propag^ation, no corre¬ 
sponding curves exist, and calcula¬ 
tions must be made from entirely 
empirical curves. These curves are 
plotted from measured data on the 
sky-wave signal intensities of dis¬ 
tant stations over an extended pe¬ 
riod, and are based on the signal 
exceeded for certain percentages of 
time. 

Early curves took no separate ac¬ 
count of variations due to latitude, 
or between north-south and east- 
west propagation, or of ionospheric 
focusing, but assumed an average 
propagation characteristic for all 
sky-wave signals. The early curves 
are the ones which have been in use 
up to the present time, under the 
North American Regional Broad¬ 
casting Agreement, Havana, 1937. 

The Modus Vivendi, Washington, 
1946, which extends the above-men¬ 
tioned agreement, recognized the 
need for more up-to-date informa¬ 
tion on which to base new technical 
standards to be drafted in 1948, 
and charged the signatory countries 
with making the necessary studies 
towards this end. A program of 
sky-wave recording was therefore 
drafted by the Canadian authori¬ 
ties to determine the propagation 
characteristics of sky-wave signals 
in Canadian latitudes. 

Sky-Wave Racording Tachnigiie 

Equipment for the recording of 
sky-wave signals must be accurate 
and stable, yet simple enough to be 
used in outlying stations. It must 
produce records which are readily 
analysed in terms of the absolute 
field intensity of the radio wave, in 
microvolts per meter. 

The essential components of field- 
intensity recording equipment are 
the radio receiver and antenna, com¬ 
parison standard signal generator 
or other calibration means, and the 
graphical recorder. 

In the system as finally developed 
by the author for the Canadian re¬ 
cording program, the incoming sig¬ 
nal is received on a National HRO 
receiver which has been peaked for 
maximum i-f response, and from 


which the avc voltage is fed to a 
vacuum-tube amplifier which drives 
a 6-ma graphical recorder. In se¬ 
ries with the graphical recorder is 
a device which periodically returns 
the recorder pen to zero so as to 
blank in the area between the curve 
and zero to facilitate analysis of the 
graphs. The incoming signal as 
delivered by the antenna is com¬ 
pared with the output of a standard 
signal generator for calibration of 
receiver output. The antenna itself 
is calibrated by comparison with a 
field-strength meter of known ac¬ 
curacy. 

Analysis of the charts is accom¬ 
plished by means of an electronic 
scanner, in which a spot of light 
rapidly traverses the chart along 
the time scale. The reflected light 
operates, through a phototube and 
amplifier, an electronic gate which 
permits current to flow through a 
meter calibrated directly in per¬ 
centage only during the periods 
when the spot is on the blanked-in 
portion of the chart. In this manner 
the scanner integrates the time 
during which a particular value of 
signal was exceeded. Suitable scales 
used in conjunction with calibra¬ 
tion marks placed on the charts per¬ 
mit direct determination of the field 
intensity exceeded for any specified 
percentage of time. 

Slgnol Ganarator 

The circuit diagram of the stand¬ 
ard signal generator is shown in 
Fig. 1, It is a straightforward de¬ 
sign, the only unique features being 
the shielding, the use of a coupling 
tube between the r-f sources and 
the receiver, and the vacuum-tube 
voltmeter circuit. 

Effective shielding is achieved by 
locating the oscillator and the cir¬ 
cuits associated with it in individual 
cast aluminum boxes which are in¬ 
sulated from ground, connected to¬ 
gether in sequence at one point only, 
and grounded to the main chassis 
at one point only. Circuits entering 
the boxes are individually filtered 
by means of chokes and capacitors, 
and control shafts entering the 
boxes are broken with Insulated 
couplings. Circuits within the box 
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are grounded at one point only, near 
where the r-f voltages are finally 
delivered. 

Under the provisions of present 
international agreements the lowest 
sky-wave field which has any signif¬ 
icance is 25 microvolts per meter, so 
there is little advantage in making 
studies on field intensities much less 
than this. Therefore the signal 
generator was designed to deliver 
calibrated r-f voltages only down to 
10 microvolts, which with the usual 
broadcast type of antenna permits 
accurate recording of fields as low 
as 5 microvolts per meter. 

In order to simplify operation 
and minimize effects of antenna va- 
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nations, a cathode-follower coup¬ 
ling tube is included in the circuit 
between the r-f sources and the 
receiver input, with a switch to 
change the input from antenna to 
signal generator for calibrations. 
Since this tube is in the circuit for 
both calibration and recorded sig¬ 
nals, it is in effect part of the re¬ 
ceiver and is calibrated with it It 
does not introduce spurious effects 
unless subjected to r-f signal inten¬ 
sities of the order of 2 volts, which 
may drive the tube beyond its range 
of linearity. Localities where high 
signal strength exists are avoided 
in selecting a site for the recording 
equipment. 

Two similar vacuum-tube volt¬ 
meters are provided, one for meas¬ 
uring the r-f voltage applied to the 
attenuator, and the other for oper¬ 
ating the graphic recorder from the 
received avc voltage. They consist 
of triodes with the indicating 
meters bridged between their plates 
and the midpoint of two voltage 
regulators in series. The tubes are 
operated under conditions of no 
input voltage with about 0.8 volt 
bias, obtained from a cathode re¬ 
sistor. The plate resistances are 
varied for zero reading on the re¬ 
spective meters, as zero-sets. For 
any negative voltage applied to the 
triode grid, the plate current will 
decrease a proportionate amount 
over the corresponding portion of 
the tube characteristic, which in the 
case of the 6J5 triodes is quite 


linear. The change in plate current 
will result in the difference current 
flowing through the meter, giving 
after calibration the measure of 
the applied voltage. 

Provides Profoctloa 

This circuit was selected to utilize 
the negative avc voltage from the 
receiver, and to provide protection 
against accidental overload of the 
meters or recorder from excessive 
input voltage. Excessive input volt¬ 
age can only drive the triode to 
cutoff, when the meter will be called 
upon to carry not more than the 
normal plate current of the triode, 
which is approximately 8 ma and 
not dangerous for a 5-ma meter. 

The vacuum-tube voltmeter which 
reads the r-f voltage applied to the 
attenuator obtains its grid voltage 
from a gefihanium crystal rectifier. 


No return resistance path is pro¬ 
vided for this rectified voltage as 
the germanium rectifier itself has a 
sufficiently low resistance in the 
reverse direction to permit the grid 
charge to leak off. Since the volt¬ 
age applied to the tube grid is very 
nearly equal to the peak value of the 
r-f voltage applied to the attenuator, 
the original calibration of the sig¬ 
nal generator can be against a 
standard cell, although comparison 
against a laboratory standard sig¬ 
nal generator may be more conveni¬ 
ent. 

The second vacuum-tube volt¬ 
meter obtains its grid voltage from 
potential-dividing resistances 
across the avc circuit of the re¬ 
ceiver. The values of these resist¬ 
ances are such as to bring the range 
of the meter onto the portion of the 
receiver gain characteristic which 
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is most nearly logarithmic. It is 
therefore possible to get better than 
two complete ranges, or a ratio of 
100:1 within the scale of 0-6 ma, 
using a National HRO receiver. 

The circuit for blanking in the 
area on the chart between the curve 
and the zero for analysis by means 
of an electronic scanner is shown in 
Pig. 2. Electrically it consists of a 
small resistance in series with the 
graphical recorder, which resist¬ 
ance remains constant for about 
four-fifths of the cycle, and then 
increases to infinity over the re¬ 
maining fifth, after which it sud¬ 
denly returns to its previous value 
and the cycle starts over again. 

The resistance which performs in 
this unusual manner is the plate re¬ 
sistance of a 6J5 triode, the grid of 
which is held about 4 volts positive 
for the first four-fifths of the cycle. 
Under these conditions the tube 
shows a linear plate resistance char¬ 
acteristic of about 300 ohms for cur¬ 
rents as high as 8 ma. 

The grid of the output or vari¬ 
able-resistance tube is connected to 
the plate of another 6J5 triode 
which acts as a control tube to 
translate the voltage developed by 
the relaxation oscillator into an in¬ 
creasing bias. Since the control 
tube is biased well beyond cutoff for 
four-fifths of the cycle developed by 
the relaxation oscillator, it does not 
come into action until the last fifth 
of the cycle. It then diverts the cur¬ 
rent previously flowing through the 


grid circuit of the output tube, per¬ 
mitting the bias of that element to 
increase to cutoff. 

The relaxation oscillator is con¬ 
ventional, being a capacitor charged 
through a high resistance and dis¬ 
charged through a type 884 thy- 
ratron. By using a tapped 30-meg- 
ohm resistance and a l-^f oil-filled 
paper capacitor, good stability was 
obtained with periods from 1 to 6 
seconds long. 

For chart speeds of 1 foot per 
hour the 5-second period is re¬ 
quired, but for faster speeds a 
correspondingly faster rate applies. 

An Evershed-Vignoles graphical 
recorder with 5-ma range and clock¬ 
work drive is used. This instrument 
is fitted with an oil dashpot so that 
control can be had over damping, 
which is important for the cyclic 
operation to which the instrument 
must respond. Wrinkling of paper 
was overcome by using No-Rinkle 
ink and Albanene paper produced 
by Keuffel & Esser. The combina¬ 
tion of a red ink and a blue-sensi¬ 
tive phototube in the electronic 
scanner was found to give best 
results. 

A substantial part of the infor¬ 
mation to be gleaned from the chart 
is statistical and involves the de¬ 
termination of the signal exceeded 
for certain percentages of time, 
during certain periods relative to 
sunset. Heretofore, the method of 
analysis has been to step off with di¬ 
viders and scales the time incre¬ 


ments corresponding to certain 
signal intensities, replot the values 
so obtained and from the resultant 
curve read off the required infor¬ 
mation of the signal exceeded for 
certain percentages of time. Need¬ 
less to say, this manual method is 
tedious and inefficient, and opens 
wide the door to personal error 
which it is almost impossible to 
check. Fortunately, however, when 
a great deal of data is so analyzed 
most of the errors balance out in 
the subsequent statistical mathe¬ 
matical treatment, but there still 
remains the tedious labor of the 
manual analysis. 

The electronic scanner was de¬ 
veloped for the dual purpose of 
speeding up analysis and eliminat¬ 
ing largely the personal error. Due 
to the shortness of time during 
which the Canadian program could 
operate before the data would be 
required for the production of prop¬ 
agation curves, speed and accuracy 
of analysis were essential. 

The circuit of the scanner is 
shown in Fig. 3. The chart to be 
scanned is wound around the scan¬ 
ning drum, which will accommodate 
24 inches of chart for each opera¬ 
tion. The lamp-house contains a 
carriage which slides along ways 
under the control of a crank on the 
front of the lamp-house. Mounted 
on this carriage is a light source 
consisting of a 32-candlepower auto¬ 
mobile lamp, condenser lens, dia¬ 
phragm with a 1-mil aperture, and 
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an objective lens which focuses the 
image of the aperture as a small 
spot of light on the chart undergo¬ 
ing analysis. Also mounted on the 
carriage is a phototube so arranged 
as to pick up diffused reflected light 
from the spot on the chart. The top 
of the lamp-house carries a special 
logarithmic graph under roughened 
plastic to take pencil lines. Cross¬ 
ing the chart is a pointer which is 
connected to the carriage and ar¬ 
ranged to track with the position 
of the spot of light. The near side 
of the pointer acts as a straight 
edge to place the calibration lines 
on the graph, and to read off the 
values of signal exceeded. 

The electronic section consists of 
an ampHfler responsive to the stand¬ 
ard i-f value of 456 kc but normally 
biased slightly beyond cutoff. This 
amplifier is supplied with 466-kc 
excitation from an oscillator 
through a small capacitor, but does 
not come into action until the bias 
on its first stage is reduced by il¬ 
lumination of the phototube. The 
output of the amplifier is rectified 
by two germanium rectifiers in a 
doubler circuit, and applied to the 
grid of a triode-connected 6SJ7, 
which is in series with a 6SJ7 sat¬ 
uration pentode and the percentage- 
of-time meter. 

When the phototube is not il¬ 
luminated there is no appreciable 
output from the amplifier and the 
grid of the triode is maintained at 
zero potential by a flashlight bat¬ 
tery, permitting the full saturation 
current of 1 ma to flow through the 
saturation pentode and give a full- 
scale reading on the percentage-of- 
time meter. This condition corre¬ 
sponds to the scanning of a com¬ 


pletely inked-in portion of a chart 
undergoing analysis. 

When the phototube is illumi¬ 
nated the amplifier comes into 
action and produces at the output of 
the germanium rectifier 50 volts or 
more, which produces immediate 
cutoff of the triode. For the period 
when this condition prevails no 
current flows through the percent- 
age-of-time meter. This corre¬ 
sponds to the scanning of a blank 
portion of the chart. 

Since the percentage - of - time 
meter is of the uniform scale type, 
it will read the average current 
flowing through it, provided the 
cycle is fast enough to prevent the 
meter movement from following 
the individual fluctuations. Hence it 
follows that in the scanning opera¬ 
tion the meter will read directly the 
percentage of time during which 
the phototube has not been illumi¬ 
nated, which is the percentage of 
time a certain signal strength has 
been exceeded. 

The instrument can be made un¬ 
responsive to residual room illumi¬ 
nation by judicious adjustment of 
the amplifier bias controls, so that 
no special precautions are neces¬ 
sary in regard to room lighting. A 
Sola constant-voltage transformer 
supplies the electronic circuits. This 
transformer combined with the 
voltage regulators used to obtain 
the various internal voltages gives 
maximum stability and the instru¬ 
ment can be easily read to an ac¬ 
curacy within 1 percent. 

Th^ image of the aperture in the 
diaphragm on the chart being 
scanned is about 0.03 inch in diam¬ 
eter, which is about the width of 
the line traced by the pen on the 


graphical recorder. Consequently, 
the scanner can resolve and analyse 
any record normally taken by the 
recorder. The accuracy with which 
the percentage-of-time meter and 
the calibration on the graph can be 
read is about 2 percent. 

In using the scanner, the chart to 
be analysed is first placed on the 
drum with the zero side to the front 
and with the calibration marks 
showing on the outside. The pointer 
is then wound successively to the 
top of each calibration mark and a 
short pencil line drawn along the 
straight-edge intersecting an ap¬ 
propriate unit line on the graph. 
These points are then joined up by 
a smooth curve which provides the 
scale from which signal intensities 
pertaining to that particular chart 
are read. The curve so plotted is in 
reality the received signal versus 
avc voltage curve, and consequently 
provides the means for reading di¬ 
rectly in microvolts per meter the 
field intensity from the recorded 
values of the resultant avc voltage. 
A new curve is drawn for each 
chart analysed. 

After the calibration curve is es¬ 
tablished, the chart is moved around 
the drum until the portion of which 
the analysis is desired is on the out¬ 
side and visible to the scanning 
spot. The drum is then started ro¬ 
tating and the percentage-of-time 
meter checked for zero and full 
scale. The scanning spot with its 
attendant pointer is then wound 
across the chart until the meter 
reads the desired percentage of 
time, when the corresponding field 
intensity can be read off directly 
from the intersection of the straight 
edge of the pointer. 


Measurement of VHF Bursts 

Sudden increases in strength of signals received beyond Ene-of-sight range are believed 
due to meteors passing through upi>er atmosphere. Pulse techniques gave path lengths 

C ONTINUOUS recordings of sig- tance ranging from 100 to 1400 not be attributed to reflections from 
nal strength of selected f-m miles, have at times revealed unex- aircraft or to undulating tropo- 
and television stations, made at dis- pectedly strong signals that could spheric discontinuities. These sig- 
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Typical signal strength recording, showing two distinct ex- 
omples of bursts. This record was obtoined at Laurel. Md. 
for f-m station WGTR 337 miles oway at Paxton. Mass., op¬ 
erating on 44.3 Me with power of 83 kw. during the early 
morning hours of Nov. 11, 1943 while Leonid meteor showers 


were near a peak. Signal strength at this distance is normally 
insufficient to give good oural reception. The accompanying 
account is obstracted from Exhibit 4 of the Frequency Alloca¬ 
tion Hearings in Washington and is published with the 
approval of the FCC Engineering Deportment 



4 oi.m. 


6 a.m 


7 am. 


8 a.m. 


rials, which have been desij?nated as 
bursts, usually involve a sharp rise 
in signal strength over a period of 
a few tenths of a second, but occa¬ 
sionally the burst may be sustained 
for several seconds or more. 

Meosuring Path-Length of Bursts 

In order to determine the propa¬ 
gation path-lengths of the burst 
pulses, a series of tests was made 
by transmitting a steady signal 
having evenly spaced reference 
pulses. When the path length for 
the momentarily strengthened sig¬ 
nals or bursts is longer than for 
ground wave signals, these burst 
pulses appear between the refer¬ 
ence pulses, and the measured path 
differences are a clue to the origin 
of the bursts. 

The .method of pulsing involved 
frequency-modulating the trans¬ 
mitter ±75 kc by a continuous 170- 
cycle tone. The f-m signal was re¬ 
ceived on a Hallicrafters S-27 re¬ 
ceiver, the i-f output of which was 
fed to a Hammarlund Super-Pro 
receiver tuned to a narrow pass 
band at the lower end of the swing. 
The resulting sharp pulses were 
fed to the vertical plates of a cath¬ 
ode-ray oscilloscope. The horizon¬ 


tal sweep was set at one-half the 
tone frequency so that two refer¬ 
ence pulses appeared simiiltan 
eously on the screen, as shown on 
the accompanying diagram. Any 
difference in path length D causes 
the burst signal to be delayed by a 
time interval D/c where c is the 
velocity of propagation, so that the 
pulse of the delayed burst occurs 
between the ground wave pulses. 

During the tests the path differ¬ 
ences ranged from about 150 to 900 
miles, corresponding to total path 
lengths of from 360 to 1100 miles. 

Cavta oi Bursts 

The greater distances can be in¬ 
terpreted as reflections from media 
of height comparable to the E layer 
but lying to each side of the great- 
circle plane. This correlates quite 
well with the assumption that 
bursts are produced by ionization 
caused by passage of meteors 
through the upper atmosphere. 

Visual correlation of bursts and 
meteors was obtained by engineers 
on several nights. In one instance 
a brilliant meteor with a persistent 
visible train was observed along the 
plane of the signal path, with suffi¬ 
cient inclination of the track to re¬ 


flect the signal back at an acute an¬ 
gle, and the increase in signal 
strength was sustained for about 
ten seconds. 

Bursts have also been recorded at 
Laurel, Md. on 71.75 Me from tele¬ 
vision station WRGB. They are 
less frequent than at 44.3 Me, and 
have a shorter average duration. 
Engineers have concluded, however 
that bursts are not sufficiently pre¬ 
valent to impair the usefulness of 
that portion of the v-h-f spectrum 
in which they occur. 



Method ueod for mooeuring path longihe 
of t4i 4 bmto 
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R-F Bridge for Broadcast Stations 

Versatile unit incorporates variable-frequency signal generator, calibrating oscillator, 
bridge circuit, detector and batteries in a single lightweight unit. Principles of operation 

are outlined and constructional data are given 

By FRED SCHUMANN and CHARLES DUKE 


O NE OF THE moat useful pieces 
of equipment in a broadcast 
station is a reliable, easily portable 
radio-frequency bridge. This is 
particularly true for the station 
with a multi-element antenna array 
where checks on self and mutual 
antenna impedances, driving-point 
impedances, and common-point im¬ 
pedance are frequently desirable 
The bridge to be described con¬ 
tains an oscillator crystal-controlled 
at the station frequency, in this 
case 980 ke, and an electron-coupled 
oscillator which can be calibrated 
at the station frequency by means 
of the crystal oscillator and then 
varied about 60 ke each side of this 
frequency. The oscillator is modu¬ 
lated at 1,000 cps. Following the 
oscillator is the bridge proper and 
then a sensitive receiver with an 
audio amplifier sharply peaked at 
1,000 cps. The latter arrangement 
is particularly to be desired when 
making antenna measurements dur¬ 
ing times of heavy static. 

The power supply exists of bat¬ 
teries which are contained within 
the apparatus. The compactness of 
this arrangement will be appreci¬ 
ated by anyone who has bad to 
make the usual setup of a signal 
generator, bridge and receiver upon 
a smaU antenna base on a cold 
night 

Theoty ef OpONtisa 

The basic bridge circuit, shown 
in simplified form in Fig. 1, is simi¬ 


lar to the a-f hybrid coil type 4-A 
used for some years by the Bell 
System. 

Assume that equals La and 
that equal voltages are induced in 
both arms. Then ta will equal ta 
in magnitude and phase provided 
the self impedance of mesh A equals 
the self impedance of mesh B. For 
this condition the bridge is bal¬ 
anced and no voltage appears across 
the detector terminals. 

In practice, before nuking a 
measurement an initial balance is 
made with the unknown terminals 
shorted and the self-contained 
standard resistance B, set at mvo. 
This balance is nude with Ca and 
Cm set as close to maximum capaci¬ 
tance as possible. If great care is 
used in balancing capacitances to 
ground in construction, the values 
of Ca and Cm in the initial balance 
will be practically equal. Assume 
now that the initial balance has 
been made and the two capacitance 
values are Cai and Cu. Suppose an 
unknown impedance consisting of 
R, and C, in series is connected to 
the unknown terminals. To again 
balance the bridge it will be neces¬ 
sary to add a resistance (B,) in 
the A arm equal to R,. Also, since 
capacitive reactance has been added 
in the B arm, it will be necessary to 
add an equid capacitive reactance 
in the A arm. This is done by 
changing Ca from Cai to a lower 
value Ca,. The unknown capacitive 
reactance is then 




• Xa 


(1) 

1 ^ 

1 

1 


(2) 

uCm 




C m 

Ca 


DiD, 

(3) 


Ca- 

-C. “ 

Di- D, ^ 



where Di and D, are the dial divi¬ 
sions corresponding to Cai and Ca, 
and Ka = calibrating constant of 
Ca where Ca = DaK,. If the un¬ 
known capacitive reactance is re¬ 
quired this is: 


r 1 A - i>i 
uCm ta Ka Dt 


(4) 


Suppose the unknown impedance 
consisted of R, and L. in series. 
In this case, in addition to the re¬ 
sistance balance it will be neces¬ 
sary to add capacitive reactance in 
the B arm to balance the positive 
reactance of the unknown. The un¬ 
known positive reactance therefore 
equals the change in negative re¬ 
actance, or 
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and hm 


^*1 - _ A - A 

« Cu) Kb D\ D% 

A - A 
w* K» Di Di 


(5) 

(6) 


where Ka is the calibrating con¬ 
stant of C/i. 


In the bridge built by the 
authors, Ka and Kb were equal 
within less than 1 percent error 
and had a value of 1.87 /i/xf per 
division. The dials used had 200 
divisions and the capacitors were 
of the straighMine capacitance 
type. The calibrating constants 
were determined by first making 
an initial balance and then adding 
specific values of known capaci¬ 


tances in shunt with Ca and Ca and 
noting the change in Ca and Ca to 
again balance the bridge. A curve 
was plotted which turned out to 
be an exceedingly straight line, and 
its slope was used in determining 
the values of K. 

The r-f bridge, signal generator, 
and receiver are constructed in a 
single aluminum cabinet with di¬ 
mensions of 22 inches by 14 inches 



FIG. t CempUtt ■dMOKrtk dtagmi of bridge vbH 
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L7-52 turns N0?0 DCC. 3 INCH DIAMETER. 
NA^INOING length 4 INCH,TWIST WIRES TOGETHER, 
WIND 26 TURNS, AND CONNECT AS SHOWN 


FIG. 3—Conitruction of bridqo-circulf in¬ 
ductor is ihown at loft: auombly of In- 
duetori and electrostatic shield Is shown 
at right 


by 8 inches. This cabinet is divided 
into three sections by aluminum 
shields and the signal generator 
and receiver are also individually 
shielded. It is necessary that no 
coupling exist between signal gen- 
erator and bridge and between 
bridge and receiver except through 
the external connections. Stray 
coupling will result in a false resist¬ 
ance balance when measuring 100 
ohms or greater. 

The construction is such as to 
minimize the capacitances to 
ground of all components and to 
keep these capacitances equal in 
each of the arms. For the purpose 
of eliminating changes in stray 
capacitances as the rotors are 
turned, the reactance balance capac¬ 
itors are fitted with shields con¬ 
nected to their rotors. 

Shielding 

The circuit is shfiwn in Pig. 2. 
Analysis indicates that all induced 
voltages across the two parts of L, 
are kept equal and the electrostatic 
shielding between L« and Lr is made 
adequate by the construction shown 
in Fig. 3. Since the maximum 
value of resistance that can be 
measured with the internal compo¬ 
nents is 110 ohms, binding posts 
are provided for connection of ex¬ 
ternal standards to facilitate the 


measurement of large resistances 
or to obtain steps of less than one 
ohm. All grounds are made to the 
cabinet at a single point to prevent 
introduction of undesired voltages 
from the signal generator through 
common ground-return impedances. 

Plug-in type coils are used 
throughout the signal generator 
built into this apparatus and new 
bands of frequencies can be added 
if de.sired. An r-f isolation ampli¬ 
fier is used to minimize oscillator 
frequency change with varying load 
conditions and its tuning control 
is ganged with the electron-coupled 
oscillator control for single-dial 
tuning. The electron-coupled oscil¬ 
lator is capable of maintaining its 
frequency calibration with good 
accuracy over eomsiderable periods 
of time and can be adjusted to zero 
beat with the crystal oscillator at 
980 kc by operating the oscillator 
control switch to the CAL position 
and adjusting the 50 /^f trimmer 
in the grid circuit. 

The modulator uses a Hartley 
oscillator circuit and is tuned to 
1,000 cps. Small variations in fre¬ 
quency are corrected by adjustment 
of the grid resistor. The r-f output 
voltage, which can be modulated ap¬ 
proximately 50 percent, is one volt 


across 50 ohms impedance. The B- 
battery drain is 10 ma and the A 
drain is 250 ma under normal oper¬ 
ating conditions. 

The receiver, employing a trf 
circuit, can be tuned over the 
broadcast band. A feedback net¬ 
work between plate and grid of the 
first audio stage sharply peaks the 
audio response at 1,000 cps, greatly 
facilitating measurements on an¬ 
tennas in the presence of atmos¬ 
pheric static and interference from 
other stations. The B-battery drain 
is approximately 6 ma and the A 
drain is 260 ma. 

Accuracy 

While it is not claimed that this 
bridge is more accurate than 
others, it is believed that the obvi¬ 
ous advantages offered by its com¬ 
pact arrangement will make its use 
worthwhile. The bridge, when 
checked against one of known high 
accuracy, proved to be within 2 
percent for reactance and resist¬ 
ance values in the ranges com¬ 
monly used in broadcast work. 

The authors wish to acknowledge 
the valuable suggestions received 
from several members of the tech¬ 
nical staff of WSM during the con¬ 
struction of this device. 


Tobl# I—Coil Winding Doto 


Circuit 

Symbol 

Number 

of 

Turns 

Size 

dec 

Wire 

Winding 

Diam. 

(inches) 

Notes 

Lx 

90 

32 

1.5 

Closewound. For 980-kc crystal 

Ln 

44 

32 

1.5 

Ciosewoiind. For eco range of 920- 





1,050 kc 

La 

12 

32 

1.5 

Inierwound with La at end of L> 

La 

12 

32 

1.5 

Interwound with Lt at end of 

Lh 

12 

22 

1.5 

Closewound at end of Ln 

u 

45 

20 

1.25 

Closewound. See Fig. 3 

Lt 

52 

22 

3 

Length 4 inches. See Fia. 3 

U 

Commercial antenna coil to cover broadcast band with tuning capaci¬ 
tance used 

L«I Li9 

C^merdal r-f coils to cover broadcast band with tuning capacitance 

Ln 

54 

26 

1.5 

Closewound. For tuning ranae of 





920-1,050 kc. 
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FCC Frequency Measurement Techniques 

Received signals up to 500 me are quickly referred to markers emanating from a stand* 
ard that is accurate to better than one part in ten million. Frequency subdivision to 
50 cycles allows comparison between the standard and time signals. Sense of the final 
interpolation between 10-kc markers is by means of a lower frequency standard 


O NE DUTY of the Federal Com- 
munications CommiSwSion is 
measuring frequencies of radio 
transmitters at central monitoring 
stations. It is important, therefore, 
that the accuracy of the reference 
standard surpass the frequency tol¬ 
erance required of the transmitting 
stations and that the means of com¬ 
paring the received signal with the 
standard be simple, quick, and ac¬ 
curate. 

Basically, the system used de¬ 
pends upon a primary standard that 
will maintain an accuracy of better 
than one part in ten million over 
long periods of time, and is capable 
of being compared frequently with 
time signals from the Naval Observ¬ 
atory. In practice, 10-kilocycle 
markers are derived from the prim¬ 
ary standard by frequency division 
and the incoming signal is caused 
to beat with the nearest marker. 
The beat note, always less than 
5,000 cycles, is measured by an 
audio interpolation oscillator. 

Accerale Cemporlten 

Audio comparison can be made at 
any frequency by use of an audio¬ 
frequency oscillator, similar to the 
General Radio type 617, variable 
from 0 to 6,000 cycles. This instru¬ 
ment has a maximum error of plus 
or minus 2 cycles throughout the 
range and the error remains con¬ 
stant regardless of the frequency of 
measurement. However, even this 
slight error can be reduced if out¬ 
puts from the standard at 1,000 
cycles and 60 cycles are made avail¬ 
able for interpolation. The only 
remaining source of error is the 
ability of the engineer to match the 
audio tone (resulting from the near- 


By ALFRED K. ROBINSON 

est standard 10-kc point beating 
with the signal) to the audio inter¬ 
polation oscillator. This error can 
be serious and depends largely upon 
the experience of the engineer in 
matching tones and the care he 
takes. Even experienced engineers 
have frequently matched the second 
harmonic of one tone with the fun¬ 
damental of another. 

Complete elimination of the hu¬ 
man error in matching these tones 
therefore represents a definite for¬ 
ward step in measurement work 
The system devised to elinfiinate this 
error entails energizing the vertical 
plates of an oscilloscope with the i-f 
signal from the last i-f amplifier 
stage of the receiver and sweeping 
horizontally with the audio-fre¬ 
quency voltage from the audio 
interpolation oscillator. Proper ad¬ 
justment of the scope amplifiers (it 
is only necessary to preset this ad¬ 
justment once for all signals) will 
result in a trapezoid pattern when 
the difference between the incoming 
signal and the closest standard 10- 
kc point is matched by the audio 
frequency of the interpolation oscil¬ 
lator, This trapezoid will result 
only when the two frequencies are 
identical, thereby eliminating the 
error possible from use of a meter 
indicator by comparing the audio 
frequency with a harmonic or sub¬ 
harmonic of the fundamental fre¬ 
quency. 

When the trapezoid is stationary 
on the screen the two signals are 
matched. Any difference between 
them will cause the pattern to re¬ 
volve one way or another. Accord¬ 
ingly, the engineer has merely to 
stop this pattern to obtain exact 
zero beat. Actual frequency com¬ 


parisons using this method are 
practical when the difference be¬ 
tween the standard and signal are 
as low as 5 cycles using a 5-inch Du¬ 
mont oscilloscope. This is true even 
on comparatively weak signals. As 
it is easy to count accurately well 
beyond this figure it is obvious that 
the so-called blind spot (10 to 50 
cycles), where receiver audio sys¬ 
tems and human hearing are unde¬ 
pendable, is completely eliminated 
together with all the auxiliary appa¬ 
ratus necessary to overcome it by 
other means. 

Overmedulafioii Cheek 

The usefulness of such a system 
in the accurate measurement of 
broadcast station frequencies or 
any station with close tolerance re¬ 
quirements is readily apparent. 
Proper adjustment of the standard 
signal level will result in blanket¬ 
ing a large portion of the modula¬ 
tion of A3 signals, thus permitting 
a sharply defined trapezoid even 
under heavy modulation. Any type 
of AO, Al, or AS signal can be 
measured in this fashion. 

Further advantage results from 
the fact that the signal being meas¬ 
ured can be continuously monitored 
at the audio output of the receiver, 
and that overmodulation present in 
an AS signal is immediately appar¬ 
ent. The scope pictures the radio¬ 
frequency envelope of the signal in 
much the same manner as if the 
equipment were coupled directly to 
the transmitter. 

Locol Sabttlfytion Otelllafor 

When the signal is on for an ex¬ 
tremely short interval as is the case 
with aircraft transmissions, the 
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no. 1—Block diagram ohowing Iho primaty ilandard and divider chain that parmiti 
eompatlaen with Naval ObMcvatery Uma signali. The anxiUary oaclllator U uaad 
to dotormlao ■onto of th# ftaal cnidio intorpolatlon 


above procedure cannot be em¬ 
ployed. The length of time required 
to turn the audio oscillator from 
one end of the dial to the other is 
greater than the time the station 
remains on the air. In such cases 
a heterodyne frequency meter is 
used. This equipment comprises a 
stable calibrated oscillator whose 
fundamental or a harmonic is tuned 
to the frequency being measured. 
The output from this oscillator 
must be evenly controlled and in¬ 
jected into the receiver in the same 
manner as the standard. Once the 
signal from this oscillator is at zero 
beat with the station signal the os¬ 
cillator frequency is measured in 
exactly the same manner as an AO 
signal at the received signal fre¬ 
quency. The calibration of the os¬ 
cillator is therefore unimportant 
except to indicate the order of har¬ 
monic and for identification of 
10-kc points in the very high fre¬ 
quency range as explained later. 
The errors in setting this oscillator 
to zero together with that intro¬ 
duced by possible interim drift are 
much greater than by a direct com¬ 
parison of the standard with the 
signal. However, in the event of 
oflf-frequency operation the fre¬ 
quency may be checked exactly by 
setting up according to the hetero¬ 
dyne frequency meter measurement 
technique and remeasuring on the 


next transmission using the direct 
beat method. The audio interpola¬ 
tion oscillator dial would only have 
to be shifted slightly to obtain the 
trapezoid. This same method can 
be used in the case of A2 or carrier 
shift signals. Exact measurements 
follow the preliminary heterodyne 
frequency measurement technique 
whenever greater accuracy is de¬ 
sired. 

Idanfifyiag Markers 

It is noteworthy that the only 
computation necessary in this 
method of measurement is that of 
identifying the nearest 10-kc point. 
The point is checked by counting 
the number of 10-kc points above or 
below the nearest 100-kc point, 
which in turn is readily identified 
from the receiver calibration or 
from the nearest 1,000-kc marker. 
This method can be used up to ap¬ 
proximately 60 me. Above this fre¬ 
quency it is best to use the hetero¬ 
dyne frequency meter technique by 
zero-beating at a harmonic of the 
heterodyne meter, measuring the 
fundamental of the heterodyne fre¬ 
quency, and then multiplying by 
the harmonic order. The actual fre¬ 
quency can be measured with the 
same degree of accuracy by beating 
directly against the standard once 
the 10-kc point used is identified. 
To simplify computation the tenth 


harmonic of the heterodyne fre¬ 
quency oscillator is normally used. 

The useful output from the con¬ 
ventional multivibrator is limited 
to approximately 16 me. This range 
was formerly extended to perhaps 
25 me by the use of tuned r-f 
amplifiers. There are several dis¬ 
advantages to such tuning. The 
principal ones are the time element, 
the variable level due to tuning, and 
the inconvenience of adjustment. 

Harmonic AmpIMor 

To provide strong, clean standard 
10-kc points up into the ultrahigh- 
frequency range without tuning, a 
harmonic or distortion high-gain 
amplifier was designed. The prin¬ 
cipal design characteristics are 
in accordance with published' high- 
frequency resistance-coupled ampli¬ 
fier requirements with the excep¬ 
tion that here high distortion is 
desirable as a harmonic producer. 
The unit comprises three stages of 
amplification with a single bias con¬ 
trol that gives smooth 100 percent 
control. Output levels of individual 
harmonics of the standard are 
largely constant irrespective of fre¬ 
quency. 

Bias control is the principal one 
for all measurements. Once a sig¬ 
nal is tuned in, the standard injec¬ 
tion level is set by means of this 
control to the same as that of the 
signal, thereby modulating the in¬ 
coming signal at the audio-fre¬ 
quency difference. This difference is 
then matched by means of the 
audio interpolation oscillator as 
explained previously. The audio 
difference as matched is plus or 
minus from the nearest 10-kc 
point. 

Determination of the sense is 
quickly found by throwing a switch 
marked standard-auxiliary to the 
auxiliary position. In this position 
the standard has been disconnected 
and an auxiliary crystal oscillator 
slightly lower in frequency is con¬ 
nected. All multivibrator outputs 
are shifted a like percentage. There¬ 
fore the beat between the nearer 
10-kc marker and the station signal 
will increase or decrease in fre^ 
quency depending upon whether the 
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station is high or low in frequency. 

When the audio beat is as high 
as 4,000 cycles, this slight change in 
tone may be hafd to detect by ear. 
Readjustment of the audio inter¬ 
polation oscillator to obtain the sta¬ 
tionary trapezoid in the auxiliary 
position will give the same sense in¬ 
dication by an increase or decrease 
in dial setting. Determination of 
the 10-kc point used can be checked 
by counting to the nearest 100-kc 
marker. 

Zero beating the heterodyne fre¬ 
quency meter with the signal 
requires that strong clean harmon¬ 
ics be available. Since a sine-wave 
output is available, whereas the 
standard multivibrators have a 
distorted wave to start with, a 
four-stage untuned harmonic gen¬ 
erating amplifier was found neces¬ 
sary to extend the useful range of 
this instrument from 10 me to well 
above 600 me. Bias for level adjust¬ 
ment is controlled in exactly the 
same manner as on the standard. 

Many refinements have been 


added to fit the particular needs 
of the monitoring station. For 
example, both the standard and 
heterodyne frequency meter out¬ 
puts are injected into the receivers 
at the cathode of the first r-f tube. 
Several gains important to monitor¬ 
ing station operation are thus real¬ 
ized. Interunit connections are 
made at low impedance and the 
cathode connection isolates the 
standard and heterodyne meter out¬ 
puts from the antenna circuit. Un¬ 
desirable radiation that might 
interfere with reception at other 
monitoring positions is eliminated. 
The cathode connection also allows 
the antenna or grid circuit of the 
receiver to be shorted, eliminating 
the incoming signal while still per¬ 
mitting the heterodyne frequency 
meter and standard outputs to be 
mixed in the receiver. 

Another useful refinement allows 
switching the 50-cycle multivibra¬ 
tor output (that drives the primary 
standard clock) to* the vertical 
plates of the scope, and switching 


the output from the 60-cycle multi¬ 
vibrator (used for audio interpola¬ 
tion) to the horizontal plates. As 
each of these units is controlled in 
turn by successive multivibrators 
a quick check is possible of the cor¬ 
rect operation of all control equip¬ 
ment. The figure on the scope is 
almost a perfect square which re¬ 
mains absolutely fixed providing all 
apparatus is functioning normally. 

The inputs and outputs of all 
apparatus are brought to a central 
switching panel in front of the engi¬ 
neer, permitting instantaneous op¬ 
eration of various receivers, disc 
and tape recorders, filters, and 
other special equipment. An an¬ 
tenna switching arrangement in 
use at one of the monitoring sta¬ 
tions permits pushbutton selection 
of any antenna on the reservation.* 
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Components of UHF Field Meters 

Tuning limitations of resonant circuits, tunable doublet antenna, uhf voltmeters, cavity at¬ 
tenuators, power-supply stabilizer of early model of field-strength meter, and standard- 


F REQUENCY limits of electronic 
equipment were rapidly pushed 
Into the hundreds of megacycles dur¬ 
ing war development. To learn about 
propagation and equipment capabil¬ 
ities a field strength meter was 
developed for the range from 300 to 
1,000 me. This meter was intended 
for measuremente in the laboratory 
or field. It had to be quickly tunable 
to any frequency within its range. 
A sensitive receiver, which could be 
calibrated by a standard signal gen- 
arator, was required to measure the 
voltage induced by an unknown field 
in an antenna of known character- 
lities. 


signal generator are described 

By EDUARD XARPLUS 

In using the field strength measur¬ 
ing equipment the antenna and re¬ 
ceiver are tuned to the incoming 
signal; the antenna is disconnected 
from the receiver and replaced by a 
dummy antenna and a standard sig¬ 
nal generator which is adjusted to 
give the same receiver response. The 
field strength • in microvolts per 
meter is related to the standard sig¬ 
nal generator voltage E in microvolts 
by 



where h. is the height of the an¬ 
tenna in meters. If the antenna is 
adjusted to half-wave resonance 


fc. - 0.6361 - 0.636-4 = ^ 

to a first approximation, where / is 
the operating frequency in mega¬ 
cycles. Therefore the unknown field 
strength is 

c - 0.0105/i? 

The receiver and the standard sig¬ 
nal generator have since found wide 
application in other fields, and, al¬ 
though the original models are obso¬ 
lete today, many of their components 
will be found useful in similar appli¬ 
cations. 

Tunsd Ciresiti 

The butterfly circuit, as well as its 



360 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 


application in negrative-ijrid triode 
oscillators, has been described in de¬ 
tail,* but the wide interest shown in 
this development justifies a few fur¬ 
ther remarks. 

The butterly circuit used in the 
signal generator has 2i-inch outside 
diameter and 5 and 6 plates on the 
rotor and stator respectively, has a 
tuning range of 220 to 1,100 me and 
is equipped with terminals for grid 
and plate of the oscillator tube. The 
butterfly circuit can be considered 
a parallel combination of induc¬ 
tances and capacitances. This com¬ 
bination is seen in the schematic 
diagram of Fig. 1 where the ca¬ 
pacitive branch is represented 
by two series capacitors and the 
inductive branch by two parallel 
inductors between terminals one 
and two. Variation of both capaci¬ 
tance and inductance is brought 
about by rotation of the inner, but¬ 
terfly shaped, member. The capaci¬ 
tive branch is the familiar series- 
gap tuning capacitor. Variation of 
the two identical inductive branches 
is achieved as the rotor progressively 
blocks out the area through which a 
magnetic field can pass. 

At 220 me, with the plates fully 
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meshed, the effective inductance of 
the circuit is 0.011 jnh, the effective 
capacitance is 48 /x/xf, and the effec¬ 
tive Q is 650. The corresponding 
values at 1,100 me are 0.004 /xh, 5 
and a Q of 300. 

Common to all butterfly circuits is 
a series-gap capacitor for capaci¬ 
tance variation across two fixed 
terminals, which eliminates the ne¬ 
cessity of sliding contacts, and the 
direct incorporation of a parallel in¬ 
ductive path into the structure of 
this capacitor. This integral design 
is important in reducing metallic 
losses at points where capacitive and 
the inductive paths of the tuned cir¬ 
cuit join and makes it possible to use 
lumped parameter elements at these 
high frequencies. The eddy-current 
shielding effect of the rotor plates, 
which reduces the effective induct¬ 
ance in the high frequency position, 
helps to obtain very wide tuning 
ranges, but increases the losses to 
some extent. 

If low losses are important, and 
wide tuning ranges are not required, 
butterfly circuits should not be used. 
Better results can be obtained with 
a cylinder circuit* This circuit can 
be represented by a diagram similar 
to Fig. 1 with a single and fixed in¬ 
ductive branch. The tuning ranges 
of cylinder circuits are considerably 
smaller than the ranges obtained 
with butterfly circuits, but their 
losses are lower and their Q's are 
practically constant. A cylinder cir¬ 
cuit with cylinders one inch in di¬ 
ameter and two inches in length has 

FIG. 1 —Schematic diagram ol but¬ 

terfly circuit Indicotee that high retonoat 
impedance oppeom acroee polnte 1 and 2 

FIG. 2 —^Below—^A) Tunoble antenna and 
(B) attenuator eoupUag ore principal uhf 
features of equipment 



a tuning range of approximately 
500 to 1,000 me with a Q of 1,200. 

In a broadcast receiver a three-to- 
one frequency variation is ordinarily 
produced by a 180 degree rotation of 
the capacitor shaft, but a typical 
butterfly circuit varies from 220 to 
1,100 me between two rotor positions 
which are only 90 degrees apart. To 
compensate for this difference, and 
for an uneven frequency distribu¬ 
tion, the angular precision of the 
drive has to be about seven times 
better in the butterfly circuit than 
in a comparable variable capacitor 
circuit. The precision required to 
prevent axial movement of the plates 
is the same in both cases provided 
the air gap and the care used in 
centering the plates are equal. This 
relation is based on percentage accu¬ 
racy and has to be multiplied by the 
ratio of frequencies if frequency in¬ 
crements are considered. In our 
example this ratio would be 1,000. 

Preqwancy Limift 

The 220 to 1,100 me butterfly cir¬ 
cuit has an air gap of 0.04 centi¬ 
meter, which is not adequate for 
high-power applications. If this air 
gap were changed to 0.2 centimeter, 
the maximum capacitance across the 
terminals would be reduced to one 
fifth its previous value and the fre¬ 
quency range would be 500 to 1,000 
me, to a first approximation. This 
large reduction in tuning range can¬ 
not be offset by an over-all increase 
in the size of the unit. A 50 percent 
increase in diameter would increase 
both capacitance and inductance by 
a factor of about 2.3 and would ap¬ 
proximately restore the bottom fre¬ 
quency of 220 me, but the top fre¬ 
quency would have dropped to under 
700 me. An increase in the number 
of plates would seem to be a possible 
solution, but unfortunately butterfly 
circuits with more than a certain 
number of plates have spurious 
modes which interfere with their 
proper operation. It appears, there¬ 
fore, that the maximum size and the 
maximum number of plates that can 
be used in a butterfly circuit are 
limited by the top frequency, and 
that the bottom frequency is then 
determined by the air gap. 

In practice it is very hard to com* 
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FIG. 3 -Exp*rim«atal driva tyitami lor lloxibU conductort UMd (A) to couplo from 
oscUlotor into attonuator ccnrity and (B) to tuno doublot ontonna 



pute the top frequency of a butterfly 
circuit without a good deal of experi¬ 
mental data taken from similar de¬ 
signs because the mechanical shapes 
determining both capacitance and 
inductance are too complicated for 
simple approximations. The bottom 
frequency can be obtained with rea¬ 
sonable accuracy if the capacitance 
of the .series gap capacitor is com¬ 
puted as in any low-frequency appli¬ 
cation and the inductance as 
L « 4.9 r logio (r/f -f- w) 10”* Henry’s 
where r is the inside radius of the 
butterfly stator plates and t and w 
are thickness and width of the stator 
stack, all in centimeters. To arrive 
at an estimate of the top frequency 
of a butterfly circuit, a range factor 
is used which varies between two 
and 12 for the circuits that have been 
built so far. The range factor in¬ 
creases as frequency and air gap are 
reduced. 

Tvnabla Raionator 

Another component of general use¬ 
fulness is a tunable resonator which 
is incorporated in the signal gener¬ 
ator and in the receiver of the field 
strength measuring equipment. In 
both cases resonators with a five-to- 
one frequency range were required 
and adjustment by turning a dial 
seemed desirable. Figure 2 shows 
schematically these two applications. 
In Fig. 2 A a 70-ohm feeder line is 


connected to a doublet antenna, the 
length of which has to be X/2 at the 
operating frequency. In Fig. 2 B a 
mutual inductance type attenuator is 
coupled to a 220 to 1,100 me butterfly 
oscillator. A quarter-wave resonator 
with the current loop in the atten¬ 
uator produces a strong field of the 
desired mode and reduces in propor¬ 
tion undesirable modes which might 
otherwise cause errors in atten¬ 
uation. 

This same system was used in a 
1,000 to 3,000 me signal generator 
to select, in addition, the second and 
the third harmonics of a 500 to 1,000 
me oscillator. In this particular case 
the oscillator used a quarter-wave 
open line and could be driven much 
harder for harmonic generation than 
would be possible with a butterfly 
oscillator. 

In both cases conventional tele¬ 
scoping tubes could have been used, 
but for a five-to-one frequency range 
at least five joints would have been 
required. The solution adopted con¬ 
sists, instead, of a short fixed guide 
and a long flexible conductor which 
is pushed through the guide by the 
amount required to produce reso¬ 
nance. In the attenuator, which is 
illustrated in Fig. 8 A, the remaining 
part of the conductor, which is not 
required at a particular frequency 
setting, does not constitute a prob¬ 
lem because it passes through the 


oscillator shield into the outer space 
and cannot interfere with the com¬ 
ponents inside the shield. Good con¬ 
tact between conductor and guide is 
important. As shown, the flexible 
conductor can be tied to an insu¬ 
lating drive cord and be guided and 
driven by pulleys operated by a con¬ 
veniently located dial. By proper 
choice of the location and size of the 
insulated pulleys inside the oscillator 
housing, coupling between the reso¬ 
nator and the oscillator can be ad¬ 
justed over the frequency range. 

Conditions in the tunable antenna 
are somewhat different because no 
ground plane is available for sepa¬ 
rating the used and the unused parts 
of the resonator. In that case, the 
flexible resonator is fed through a 
hollow feeder line as shown schemat¬ 
ically in Fig. 3B. The feeder line is 
composed of two tubes spaced to 
provide the desired characteristic 
impedance of 70 ohms and bent at 
the upper end to give the flexible 
resonator a right angle deflection. 
The unused parts of the resonators 
are within the feeder lines and do 
not disturb the field of the antenna. 

To avoid complications, a driving 
mechanism has been omitted in the 
220 to 1,100 me doublet antenna. 
The feeder lines of this antenna are 
aluminum channels spaced for 70- 
ohm characteristic impedance by a 
polystyrene bar. The flexible con¬ 
ductors are self-supporting flat strips 
of slightly curved spring material, 
similar to the strips used in the 
familiar steel rules. Adjustment of 
antenna length is easily made by 
hand using pins which are fastened 
to the conductors and project 
through the aluminum channels. 

Crystal Dafeefort 

After a careful study of uhf volt¬ 
meters, it was decided to use a crys¬ 
tal detector as the rectifying element 
because, in spite of all their short¬ 
comings, voltmeters of this type can 
be built with lower corrections for 
frequency than any of the others. A 
suitable crystal detector had to be 
developed for this application in 
1941, but today completely sealed 
detector cartridges with standard¬ 
ized dimensions and reliable per¬ 
formance are available. 
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FIG. 4'-Output m«t«r o! ■tcmdord-tlgnal g«n«rator can b« locatnd FIG. 5 —Output mntur of itandord-tlgnal gonorator can bo 

at output of ottonuotor locatod ot input to ottonuator 


Up to a few thousand megacycles 
the action of the detector junction is 
independent of frequency if pre¬ 
cautions are taken in its manufac¬ 
ture and the frequency characteristic 
of a crystal detector t 3 rpe voltmeter 
is determined by its resonant fre¬ 
quency. Series resonance of the 
shunt capacitance of the detector 
junction and the lead inductance be¬ 
tween voltmeter terminals increases 
the voltage E appearing across the 
detector junction with respect to the 
terminal voltage e and causes a cor¬ 
responding frequency error F such 
that 

.1 _ 

« 1 - U/hf 

where f and /« are operating fre¬ 
quency and resonance frequency of 
the voltmeter respectively. In any 
particular voltmeter design the reso¬ 
nant frequeP'-y /„ varies only slightly 
with individual detector cartridges. 
In a typical application, using the 
type IN21-B detector, which is the 
most suitable for this purpose, the 
resonant frequency varies from 3,600 
to 8,900 me, corresponding to a fre¬ 
quency error of 9 to 7 percent at 
1,000 me. 

Erratic variation or drift of crys¬ 
tal detectors have been Jiargely re¬ 
duced by modern design and it has 
been found that in most cases the 
drift is independent of frequency. 
Because this assumption is certainly 
correct for small drift, detectors can 
be checked periodically and corrected 
at any convenient frequency, for in¬ 
stance at 60 cps. 

Another peculiarity of crystal de¬ 
tectors which sets them apart from 
vacuum-tube voltmeters and thermo¬ 
couples, ordinarily used at lower fre¬ 


quencies, has to be mentioned as it 
bears on their application. Vacuum- 
tube voltmeters can be built for a 
wide range of voltages, and their 
circuits can be so designed that no 
permanent damage is done by over¬ 
loads, Thermocouples can be built 
for a wide range of currents. They 
are readily burned out, but this 
damage is immediately obvious. Most 
crystal detectors will not stand more 
than a few volts, and great care has 
to be taken to prevent overloads 
which might change the characteris¬ 
tic of their junction before it is made 
ineffective or burned out. 

Atfeasator 

A voltmeter placed at the input 
to the attenuator of a signal gener¬ 
ator will read independently of atten¬ 
uator setting, but a voltmeter placed 
at the output terminal will read only 
over a limited range of low attenua¬ 
tion. It would seem, therefore, that 
the first location, which is always 
used at low frequencies is more desir¬ 
able, but at ultrahigh frequencies the 
second method will give more accu¬ 
rate results. 

In both cases the accuracy at low 
output voltages depends on the 
attenuator calibration, which can be 
computed precisely for the mutual 
inductance type attenuator com¬ 
monly used at ultrahigh frequencies. 
The quarter-wave resonator de¬ 
scribed in connection with Fig. SB is 
not required, and better results are 
obtained if the end of the attenuator 
tube is fitted with a shield to exclude 
undesirable modes and is pointed to¬ 
ward a part of the oscillator circuit 
which carries current in the plane of 
the pickup loop. The field of this 


current pa.sse8 the shield and enters 
the attenuator tube where it is atten¬ 
uated logarithmically, decreasing by 
32 db for each diameter traveled. 

If a voltmeter is placed at the out¬ 
put side of a line connected to the 
pickup loop, a reference point of 
attenuator output voltage can be 
established for any position of the 
pickup loop that provides sufficient 
voltage to make the meter read, and 
accurate lower output voltages can 
be obtained by moving the pick¬ 
up loop by accurately determined 
amounts. A complete output system 
of this type includes resistors, Hx and 
Rs and capacitor C, as shown sche¬ 
matically in Fig. 4. Resistor /?, is 
required to terminate approximately 
the short line between pickup loop 
and voltmeter in order to prevent 
excessive voltage rise which might 
overload the crystal detector, if the 
proper load is not connected. Resistor 
Rg is a matching resistor to provide 
desirable values of output impedance. 
It will ordinarily be determined by 
the characteristic impedances of the 
cable connecting the load and was 70 
ohms in the field strength measuring 
equipment tc simulate the radiation 
resistance of the doublet antenna. 
Capacitor C is sufficiently large to be 
ineffective at radio frequencies and 
has been inserted only to facilitate 
low frequency calibration of the 
crystal detector. 

In this output system, the accu¬ 
racy of output voltage at the refer¬ 
ence point is determined by the volt¬ 
meter alone and does not depend on 
any other circuit elements. The accu* 
racy of the output impedance is de¬ 
termined by Rf alone because this 
resistor is immediately preceded by 
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the output voltmeter, which can be 
considered a zero-impedance source. 
Obviously no signal generator could 
have sufficient power to meet this 
requirement, but as long as its out¬ 
put voltmeter is reset to the same 
value whenever the load is changed, 
the terminals of the voltmeter have 
all the characteristics of a zero-im¬ 
pedance source. In operation, there¬ 
fore, the reference level of the loga¬ 
rithmically calibrated attenuator has 
to be established with the load con¬ 
nected, and as we have seen, this has 
to be done at a high output level to 
provide a reliable reading of the out¬ 
put meter. If, for some reason, the 
load changes with the signal ampli¬ 
tude, the attenuator calibration will 
be in error. 

Alternative Output Circuit 

To follow the more conventional 
output system the voltmeter is 
placed at the attenuator input as 
shown in Fig. 5 where it samples the 
field in the attenuator tube. This 
field decreases within the attenuator 
according to the same logarithmic 
law as before. Output voltage de¬ 
pends on the size and position of the 
pickup loop, the output impedance on 
the characteristic impedance, and 
length of the short line connecting 
the pickup loop with the output 
terminals. To eliminate a frequency 
dependent effect, this line has to be 
terminated at the pickup loop. Re¬ 
sistor R is inserted for this purpose, 
but because the reactance of the pick¬ 
up loop itself is included in the 
termination, an accurate solution of 
this problem is difficult at uhf. 

If an adequate solution is possible 
at lower frequencies, however, or 
over a limited range at some high 
frequency, two advantages are ob¬ 
tained, compared to the output sys¬ 
tem shown in Fig., 4. That the output 
meter reads at all attenuator settings 
is convenient as mentioned before. 
In addition the generator voltage is 
now independent of the load because 
it is determined by field strength in 
the attenuator tube. 

Both these disadvantages of the 
simpler and more accurate 8y8tem» 
which uses the meter at the output 
terminal! can be overcome. The 


crystal-detector type output meter 
has to work at a low level to prevent 
damage to the crystal junction and 
will not be able to indicate modula¬ 
tion peaks. By coupling a high-level 
peak-reading diode voltmeter to the 
oscillator, modulation can be deter¬ 
mined accurately. In addition, a 
permanent indication of oscillator 
amplitude is obtained which is useful 
for monitoring purposes even if it 
cannot be made proportional to the 
output voltage. To eliminate errors 
caused by a load that changes its 
impedance at high levels, an atten¬ 
uation pad can be inserted between 
^e terminal of the signal generator 
and the load, or resistance A and R, 
of Fig. 4 can be rearranged to give 
a fixed initial attenuation. 

No matter which attenuator out¬ 
put system has been used, terminals 
for connecting the load have to be 
provided. At uhf this connection is 
always a matched concentric cable, 
and no particular advantage is ob¬ 
tained by locating the signal gener¬ 
ator output terminal at the end of 
another cable as is customary at 
lower radio frequencies. The output 
terminal, in form of a concentric 
cable fitting, can be located on the 
front panel of the instrument. 

RagMiofedI Vowar Supply 

Another problem encountered in 
the design of the field strength 
measuring equipment concerns the 
power supply. The equipment was 


built for 60-cps operation, but for at 
least part of the time the power 
required had to be produced by a 
motor-generator set driven from a 
storage battery. Under these condi¬ 
tions both voltage and frequency 
vary widely. Some means had to be 
provided to regulate filament and 
plate supplies. 

The regulated power supply adop¬ 
ted for the field strength measuring 
equipment presents a solution of this 
problem by magnetic and electronic 
means. The fundamental schematic 
diagram is shown in Fig. 6. 

The two outer a-c windings of the 
regulator are connected in series with 
the power transformer. A d-c wind¬ 
ing is energized from a twin triode 
tube Ti which acts as a grid-con¬ 
trolled rectifier. The reactance of the 
regulator is determined by the d-c 
current in the middle winding and 
automatically varies to maintain the 
primary voltage of the transformer 
constant. 

Control voltage for the rectifier 
tube Ti is derived from the main B- 
supply. At normal line voltage the 
grids of tube h are slightly negative 
with respect to its cathode and allow 
some current to flow through the d-c 
winding of the regulator. At higher 
line voltages the grids become more 
negative because the voltage across 
the glow tube T, does not change. 
The rectified current through Ti then 
decreases and the impedance of the 
regulator increases to bring the 
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FIG. 7~V»ctor diagram shows that rsactor 
absorbs tbs changs in Input Toltags 


primary voltage of the transformer 
back to its previous value. 

Rsgulotor Design 

Figure 7 shows voltage and cur¬ 
rent relations of the system for 
minimum and maximum line voltage 
Eu and En- Line current 1 and 
transformer voltage Et are inde¬ 
pendent of line voltage. En, and 
Ent are the voltages across the regu¬ 
lator which are out of phase with the 
line current except for a small com¬ 
ponent which covers the a-c losses in 
the regulator and increases slightly 
with line voltage. Input power, 
therefore, is essentially constant in¬ 
cluding a regulator loss of about ten 
percent. The phase angle of the in¬ 
put power varies between <#>, and 
and can be corrected for average line 
voltage by a fixed capacitor across 
the line terminals. 

To compute the regulator charac¬ 
teristics, the power required by the 
instrument and the expected line 
voltage variations have to be known. 
By assuming a miniffium voltage 
drop E»x in the regulator, the op¬ 
erating voltage of the transformer 
Ert the line current /, and the maxi¬ 
mum volt-amperes lEn that the 
regulator has to handle can be estab¬ 
lished. For good regulation, the dux 
density in the regulator should be 
kept low. At high flux densities, con¬ 
siderable distortion of current wave¬ 
form results, which causes poor 
regulation in the filament and heater 


supplies. It should be remembered 
that the regulation control voltage is 
derived from the main B-supply, 
which is proportional to the rms 
value of heater current only as long 
as the waveform of the power source 
remains constant. Depending on fil¬ 
ter circuit and load, output voltage 
of the B-supply will be determined 
by average or peak values of the 
power source rather than by its rms 
value. The flux density of the regu¬ 
lator is determined by its ampere- 
turns INx and the length of its mag¬ 
netic path U where Nx is the total 
turns of the two outer a-c windings 
and k is the outer circular path of 
the core. The maximum regulator 
voltage En^ is determined by the 
cross-section of the core, the flux 
density, and the total turns of the 
a-c windings. 

To reduce the regulator voltage to 
its minimum E^f the core material 
is saturated by d-c current in the 
middle winding. The ampere-turns 
required are now determined by the 
shorter path 4 through the center 
leg and the two outer legs in parallel. 
Because the magnetizing current is 
furnished by a vacuum tube, the d-c 
resistance of the middle winding can 


be high and its number of turns Nt 
can be many times larger than Nx. 
The two halves of the outer winding 
have to be well balanced because no 
a-c voltage should appear across the 
middle winding. 

Magnetizing current is produced 
in the grid-controlled full-wave recti¬ 
fier Ti. The plate voltage of this 
tube is derived from the main power 
transformer and should be high 
enough to allow the maximum cur¬ 
rent required for regulator satura¬ 
tion to flow without grid current* 
Control voltage for this tube is ob¬ 
tained from the glow tube and po¬ 
tentiometer combination across the 
B-supply of the instrument. Ordinar¬ 
ily the gain in the grid-controlled 
rectifier Ti will be sufficient to change 
the magnetizing current of the regu¬ 
lator over its full range with a very 
slight variation of the B-supply out¬ 
put voltage, but there is no reason 
why additional gain could not be 
inserted between T. and Ti. 

The characteristic curves of the 
power supply used in the signal 
generator are given in Fig. 8. The 
power requirement of the main in¬ 
strument transformer is 70 watts, 
and it operates at 75 volts. It will 
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be seen that the operating range of 
the regulator is extremely wide at 
60 cps and is still adequate at 40 
cps. Regulation of the heater supply 
is not as good as that of the B- 


supply, particularly at 40 cps. This 
inadequacy is due to distorted wave¬ 
form of line current and has been 
partly corrected by capacitor C of 
6 //f across the regulator. 
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Design of F-M Signal Generator 


Requirements of a reactance modulator for produiring constant deviation of a variable 
oscillator are developed. Design data is given for an f-m signal generator covering 54 
to 216 megacycles. Operation from 100 kilocy^^les to 25 megacycles is provided 

By DONALD M. HILL and MURRAY G. CROSBY 


I N the design of a frequency- 
modulation signal generator, 
the choice of the general type of 
circuit is considerably affected by 
the problem of modulation calibra¬ 
tion. The usual reactance-modula¬ 
tor circuits produce deviations of 
the oscillator frequency which vary 
with the oscillator frequency. Since 
it is necessary to permanently cali¬ 
brate the deviation obtained from 
the instrument, some means must 
be employed to maintain a constant 
modulator sensitivity over the fre¬ 
quency range. Two systems are 
available for accomplishing this 
purpose: the heterodyne system and 
the constant-deviation variable- 
o.scillator system. 

HGHrpdyat SyttGin 

The basic operating principle of 
the heterodyne system is indicated 
in the block diagram of Fig. 1, 
which is reproduced from a paper’ 
by A. W. Barber, C. J. Franks, and 
0. W. Richardson. In this system, 
frequency modulation of the fixed 
oscillator is controlled by variation 
of the modulating voltage applied 
to the reactance tube by means of 
a deviation control potentiometer. 
When the desired deviation has 
been chosen, this is necessarily held 
constant regardless of the output 
frequency, since it is the fixed 
oscillator that is modulated, and 
its frequency deviations are trans¬ 
ferred unaltered to both the sum 


and difference frequencies which 
are generated in the mixer stage. 
The desired sum or difference fre¬ 
quency is amplified to obtain the 
required output voltage. 

It is possible to gang the devia¬ 
tion control potentiometer to the 
variable tuning element of the 
variable oscillator to produce a con¬ 
stant deviation of the variable 
oscillator and to heterodyne this 
with an unmodulated fixed oscilla¬ 
tor; however, modulation of the 
fixed oscillator is obviously prefer¬ 
able. 

Although the many desirable 
features of the heterodyne system 
made it convenient for the original 
f-m broadcast band (42-50 me), it 
is not well suited for a generator 
covering a large part of the vhf 
region. In addition to the desired 
.sum or difference frequencies, the 
mixer output contains the har¬ 
monics of the two oscillators and 
the sum and difference frequencies 


of the various harmonics. These 
spurious frequencies are not 
harmonically related to the desired 
output frequency and, in fact, 
sometimes coincide with it*. To 
keep the output signal reasonably 
free from spurious signals over a 
wide frequency range, it is neces¬ 
sary to use the difference frequency 
and operate the oscillators at fre¬ 
quencies so high that frequency 
stability would be a major problem. 

If sufficient oscillator stability 
could be attained, there would re¬ 
main the problem of amplifying 
the desired signal in the mixer out¬ 
put. In the vhf region, this would 
require a tuned r-f amplifier. The 
problem of ganging the variable 
oscillator with an amplifier operat¬ 
ing at the difference frequency is 
not very inviting since the rate of 
change of the output frequency is 
considerably different from the rate 
of change of the variable-oscillator 
frequency. 



PIG. 1. Eu«nti0l Bto^M of f-m tignol gGiiDroter #aipIofing Ih# hGtorodyn* tyitam 
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Coiistoaf«P«vlati0ii Varlabl^-Oicillator 
SystM 

If a constant-deviation modu¬ 
lation system is utilized, the signal 
generator does not require the step 
of heterodyning with its attendant 
spurious responses. Either an 
oscillator operating directly at the 
output frequency or a master- 
oscillator-multiplier arrangement 
may be used. Such arrangements 
confine the spurious responses to 
harmonics or subharmonics which 
are inherently low in output and 
are simply related to the output 
frequency so that they may be 
readily identified. 

The constant-deviation system 
gives a greater output per tube 
used in the signal generator. With 
the elimination of the heterodyne 
step, only a single oscillator is re¬ 
quired. Also, the efficiency of 
amplifiers or multipliers is consid¬ 
erably greater than that of a fre¬ 
quency converter. 

In reactance-tube frequency mod¬ 
ulation, there are two general 
types of reactance tubes employed. 
One type appears as a controllable 
inductance and the other as a con¬ 
trollable capacitance. The equiva¬ 
lent inductance or capacitance pro¬ 
duced by the usual reactance tube 
with a two-element phase shifter 
results in an equivalent inductance 
or capacitance which is independent 
of frequency*. The reactance tube 
is placed in parallel with the tuned 
circuit to be modulated so that the 
inductive type may be considered 
as adding a controllable inductance 
in parallel with that of the tuned 
circuit while the capacitive type 
adds a controllable capacitance in 
parallel with the tuned-circuit 
capacitance. 

For the inductive type of re¬ 
actance tube, the resulting total 
tuned-circuit inductance is that of 
the tuned circuit and the reactance 
tube in parallel or 

L, ~ LJLI^U + h) * L/(l -h LIU) (1) 

where L is the fixed inductance of 
the tuned circuit and L. is the effec¬ 
tive inductance of the reactance 
tube. 

When Eq. 1 is inserted in 


the expression for the resonant fre¬ 
quency of the tuned circuit, the 
frequency is given by 


/« l/[2irVLC/(l-f-L/Z,.)l « 


( 2 ) 


in which C is the fixed capacitance 
of the tuned circuit and fr = 
1/(2 X y/LC). The quantity 
L/L^ is normally small in compari¬ 
son to unity, so that Eq. 2 simplifies 
to 


/ * /r(l + L/2L.) - /r 4- frL/2L. (.'<) 


The second term in Eq. 3 is the fre¬ 
quency deviation which results 
from the reactance-tube modulation. 
It is seen to be proportional to the 
resonant frequency fr and the ratio 
L/L. between the tuned-circuit in¬ 
ductance and the effective in¬ 
ductance of the reactance tube. 

For the capacitive t 3 rpe of re¬ 
actance tube, the resulting total 
tuned-circuit capacitance is that of 
the tuned circuit and the reactance 
tube in parallel. The frequency is 
then given by 

/- l/(2irVL(C+C.)l - 

/,(1 + C./C)-*/* 1.4; 

For the practical case, C./C is small 
compared to unity, so that 

/ - /,(1 - CV2CV = /, - /rC./2C >5; 


It is thus seen that the frequency 
deviation produced by the capaci¬ 
tive type of reactance tube is pro¬ 
portional to the resonant frequency 
fr and to the ratio C./C of equiva¬ 
lent reactance-tube capacitance to 
tuned-circuit capacitance. 

The manner in which the fre¬ 
quency deviation varies with reso¬ 
nant frequency is also dependent 
upon which element of the tuned 
circuit is varied. If the tuned cir¬ 
cuit is of the variable-capacitance, 
fixed-inductance type, and the re¬ 
actance tube is of the inductive 
type, the frequency deviation may 
be taken from Eq. 3 which is 
t,L/2L,. In this type of circuit, L 
is fixed and L, is independent of 
frequency. The result is a fixed per¬ 
centage variation of inductwee 
which produces a fixed percentage 
frequency variation. The frequency 
deviation in cycles is therefore pro¬ 


portional to the resonant frequency. 

If the tuned circuit is of the vari¬ 
able - capacitance fixed - inductance 
type, and a capacitive reactance 
tube is used, the percentage capaci¬ 
tance variation varies with fre¬ 
quency as the tuning capacitor is 
varied. That is, the ratio C./C var¬ 
ies with frequency since C is varied. 
The value of C is varied in accord¬ 
ance with the formula f, = 1/(2k 
\/LC), which may be rewritten 

C - l/IW,)’) «) 

Substituting Eq. 6 in Eq. 6 gives 

1 = Jr- 2ir>C,Af,» -J) 

In the frequency deviation given by 
the second term in Eq. 7, the quan¬ 
tities C. and L are independent of 
frequency for the fixed-inductance 
type of tuned circuit. The percent¬ 
age frequency deviation is thus pro¬ 
portional to the square of the reso¬ 
nant frequency. The deviation in 
cycles is proportional to the third 
power of the resonant frequency. 

If the tuned circuit is of the vari¬ 
able-inductance fixed - capacitance 
type and the reactance tube is in¬ 
ductive, the ratio L/L, varies with 
frequency. The tuned circuit in¬ 
ductance L is tuned in accordance 
with f, = l/(2itv'f<0, which may 
be rearranged to 

L = l/KWr)*l 18 / 

Substituting Eq. 8 in Eq. 3 gives 

/ - /, + l/|(2T)‘i.C/,) 

The values of L. and C are inde¬ 
pendent of frequency for this com¬ 
bination so that the frequency devi¬ 
ation is inversely proportional to 
the resonant frequency. The per¬ 
centage frequency deviation is 
therefore inversely proportional to 
the square of the frequency. 

When the fixed element of the 
tuned circuit and the reactance 
tube type are the same (both ca¬ 
pacitive or both inductive), the 
deviation sensitivity is proportional 
to the operational frequency. With 
fixed C in the tuned circuit and an 
inductive type reactance tube, devi¬ 
ation is inversely proportional to 
frequency. With fixed L in the tuned 
circuit and a capacitive type react¬ 
ance tube, the deviation is directly 
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proportional to the third power of 
the frequency. 

The nearest approach to con¬ 
stant-deviation operation that may 
be obtained with the conventional 
reactance-tube circuits is a devia¬ 
tion which is either directly or in¬ 
versely proportional to the opera¬ 
tional frequency. Two combina¬ 
tions of reactance tube and tuning 
element produce deviations propor¬ 
tional to frequency. One of these is 
obtained by the familiar variable- 
capacitance tuned circuit in com¬ 
bination with an inductive react¬ 
ance tube, and the other is obtained 
by a variable-inductance (such as a 
permeability-tuned) circuit in com¬ 
bination with a capacitive reactance 
tube. When either one of these com¬ 
binations is employed, the devia¬ 
tion increases with frequency so 
that some means must be provided 
to reduce the deviation sensitivity 
as the frequency is increased. 

CorrectloN Mefliedt 

Various means may be applied 
for correcting the inherent devia¬ 
tion variation with frequency. One 
method is to gang a modulation in¬ 
put potentiometer with the tuning 
dial as shown in Fig. 2. Potentiom¬ 
eter P is designed to have a resis¬ 
tance taper such that, when ganged 
to the shaft of tuning capacitor C. 
the modulation sensitivity is main¬ 
tained constant as the frequency is 
varied. For the circuit shown, the 
potentiometer reduces the modula¬ 
tion input as the frequency is in¬ 
creased. 

Figure 3 shows how the modula¬ 
tion sensitivity may be maintained 
constant by ganging an element of 
the reactance^tube phase shifter to 
the shaft of the tuning dial. For 
the inductive-reactance tube and 
variable-capacitance tuned circuit 
shown, phase-shifter capacitor Ci 
is ganged to tuning-capacitor C in 
such a manner that C, is increased 
as C is decreased. This increases 
the phase-shifter attenuation as the 
frequency is increased so that the 
degree of modulation produced by 
the reactance tube falls off with fre¬ 
quency sufficiently to produce con¬ 
stant deviation. A particular shap¬ 


ing of the plates of C^ with relation 
to those of capacitor C is required. 

In the circuit of Fig. 3, the at¬ 
tenuation of the phase-shifter is 
mechanically varied to produce con¬ 
stant-deviation operation. It is also 
possible to arrange constant-devia¬ 
tion sensitivity over a given fre¬ 
quency range by means of a par¬ 
ticular phase - shifting network 
which inherently produces the re¬ 
quired phase shift and has the pro¬ 
per attenuation characteristic. The 
requirements of such a network 
may be seen from the following 
analysis. 

Eqaivalenf CircMitt 

In the reactance-tube circuit of 
Fig. 4, the plate circuit of tube T 
appears as a reactance by virtue of, 
the reactive current it draws due to 
the phase-shifted voltage fed from 
the plate to the grid. The imped¬ 
ance looking into the plate circuit is 
given by 

Z, (10) 

If the input impedance of the 
phase-shifter is assumed to be neg¬ 
ligibly high, the current ip is 

ip ** (ii) 

in which G« is the transconductance 
of tube T. The grid voltage e, is 

( 12 ) 

in which B is the attenuation of 
the phase-shifter, expressed as a 
fraction less than unity, and 4> 
the phase shift produced by the 
phase-shifter. Substituting Eq. 12 
in Eq. 11, then substituting the re¬ 
sulting plate current in Eq. 10 gives 




- e-i^/BG^ 

(13) 

Z« « (oot^ — jmR^)/BOm 



(14( 

in which 


Rt - ootkft/BOm 

(16) 

and 


X# — mni>/BOm 

(16) 


Thus the impedance looking into 
the plate circuit of the reactance 
tube is composed of a series com¬ 
bination of a resistance and a 
reactance X,. If ^ is between zero 
and -f-180 degrees (leading) the 


equivalent reactance is negative 
and therefore represents a capaci¬ 
tance. Likewise, if <l> is between 
zero and —180 degrees Oagging), 
the equivalent reactance is positive 
and represents an inductance. For 
the practical case in which 4> is 
close to =t90 degrees, the resistive 
component may be neglected and the 
reactance becomes 

\X^^l/BGn, ri7) 

In the case of the inductive type of 
reactance tube, the equivalent in¬ 
ductance is 

l/o)BGm 

When the equivalent inductance of 



FIG, 2, Constcmt dvTloUon It obtaliitd by 
ganging a modulotlon Input pottntlointttr 
with tht tuning capocitor 



FIG. 3. Mtlhod of obtaining conttonl doTio* 
lion by ganging an olomont of the photo 
ihlltor with tho tuning capodtor 



FIG. 4. Fundomontal roactoneo-lubo 
eircull 
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Eq. 18 is inserted in 3, the fre¬ 
quency is 

-/r + (19) 

Thus, with a fixed phase-shifter at¬ 
tenuation B and tuning inductance 
L, frequency deviation is propor¬ 
tional to the square of the resonant 
frequency /,. Hence, by using an 
inductive reactance tube with a 
phase-shifter attenuation inversely 
proportional to the square of the 
frequency, constant-deviation oper¬ 
ation may be obtained with a fixed- 



FIG. S. Conttont-deTlatfoa rsocta&M-tubs 
drcnilt PhoM ihiltor R, Cu crad h pro* 
diiCM fltn ottonuotloii iiiTorsolv propor- 
tkmol to tho aquoro oi tiio froquoncy over 
tlio tuning rongo 



FIG. 0. la this eonatcmt-doTlotioa notwork, 
Iho roqulrod lavomo-oqucnro ottonuotlon la 
obtcdnod by tho bridgod-T phaaa-ahUUng 
network R, Q. Cg. and C„ 



FIG. 7. Attoanotieo R a 1/1, prodoeod by 
eoavontional two-olomoat laduetiTa rooe* 
tOBCO-tubo phaao ablltor end ottonucrtloa 
R a l/i/ roqulrod by on Induetloo rooet* 
oneo tttbo for eoastant dovlotiott of o 



FIG. 8. SlmplUlod dlogrom of tho f-m algaal gonorator 


inductance, variable - capacitance 
tuned circuit. 

In the case of the capacitive re¬ 
actance tube, the equivalent capaci¬ 
tance is 

C. * « BGm/b> (20) 

Inserting C, from Eq. 20 in Eq. 5 
gives 

/ « /r - frBam/2uC 

BQJ^ (21) 

The deviation term in 

Eq. 21 shows that the deviation is 
independent of frequency if the 
phase-shifter attenuation B and the 
tuned circuit capacitance C are also 
independent of frequency. Hence, 
constant-deviation operation may 
be obtained by the use of a fixed- 
capacitance, variable - inductance 
tuned circuit and a capacitive-type 
reactance tube employing a phase- 
shifter having an attenuation 
independent of frequency. 

Figures 5 and 6 show capaci¬ 
tance-tuned circuits and inductive- 
reactance tube arrangements which 
produce constant frequency devia¬ 
tion over a range of frequencies. 
The resulting phase-shifter attenu¬ 
ations have the general shape shown 
in Fig. 7. The attenuation is such 
that the phase-shifter output Ampli¬ 
tude is inversely proportional to the 
square of the frequency over the 
tuning range (B(xl//A assuming 


constant phase-shifter input). The 
normal attenuation produced by 
conventional two - element phase- 
shifters is an output amplitude in¬ 
versely proportional to the first 
power of the frequency, Bal/fr. In 
Fig. 6, this inverse square-law 
characteristic is obtained by tuning 
L,C, to frequency Ft in Fig. 7. 
Tuned circuit L,Ci operates on the 
capacitive side of resonance and 
therefore appears as a capacitance 
to produce an inductive-reactance 
tube. 

In Fig. 6, the bridged-T network 
RiRg and C]C«Cs is tuned to locate its 
rejection frequency at the fre¬ 
quency Ft. This network is capable 
of constant-deviation operation over 
a frequency range of about two-to- 
one, while the network of Fig. 6 
covers a range of about 1.6 to one. 
The exact magnitude depends upon 
the constancy of deviation required. 

Over-All Detlge 

A frequency coverage of two-to- 
one can be obtained by coupling an 
attenuator to the modulated oscil¬ 
lator. This system is not suitable 
for a wider frequency coverage 
since the phase-shifting network 
and the oscillator tank coil have to 
be switched. The network is rather 
critical and switching of this cir¬ 
cuit at very high frequencies would 
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probably lead to trouble. 

A design which permits a four-to- 
one frequency coverage without 
switching oscillator and modulator 
circuits is obtained by following the 
oscillator with a class-C stage whose 
tank coil is switched to operate 
either as an amplifier or as a dou> 
bier. This design permits the oscil¬ 
lator and modulator to operate at 
half the frequency of the high out- 
put-frequeney range. At lower fre- 
quencies, the effects of stray and 
residual reactances are not as trou¬ 
blesome as they would be at the 
higher frequencies. It also permits 
amplitude modulation of the output 
stage. 

This design is not entirely satis¬ 
factory because some undesired 
amplitude modulation is produced 
during frequency modulation of the 
oscillator and the oscillator voltage 
is not sufficient to permit the 
class-C stage to remove this spuri¬ 
ous amplitude modulation by limit¬ 
ing. A second objection is that 
amplitude modulation of the class C 
stage produces a considerable 
amount of spurious frequency mod¬ 
ulation of the oscillator. Both of 
these objections can be removed by 
adding a second class-C stage. 

The design which proved to be 
most satisfactory is shown in 
Fig. 8. The reactance-modulated os¬ 
cillator operates from 27 to 64 
megacycles. This is followed by a 
doubler stage and an output stage. 
The output stage operates either as 
an amplifier or as a second doubler 
(quadrupler), thus providing fre¬ 
quency coverage from 64 to 216 
megacycles. This design provides 
the maximum of stability and sim¬ 
plicity since the oscillator and mod¬ 
ulator operate at a relatively low 
frequency and the only r-f switch¬ 
ing required is to switch a ground 
contact on the output coil. 

The reactance tube uses a 
bridged-T type network similar to 
that of Fig. 6, in which and C* 
are replaced by the input capaci¬ 
tance and the grid-to*plate capaci¬ 
tance of the reactance tube. Capac¬ 
itor Cl is made variable and ganged 
with the tuning capacitor to provide 
the precision of deviation calibra¬ 


tion required in a signal generator. 

The slotted stator of C, is visible 
in the foreground of Fig. 9. By 
bending the sections of the stator, 
the deviation can be made as con¬ 
stant as desired over the entire fre¬ 
quency range. Resistor R. is by¬ 
passed for r-f only so that it causes 
degeneration at modulation fre¬ 
quencies and is used as a modula¬ 
tion sensitivity control. Resistor 
Rn controls the cathode bias by 
bleeding current through the cath¬ 
ode resistor and is used to adjust 
the modulator tube to its most linear 
operating point. Total rms distor¬ 
tion of less than one percent at 
75-kc deviation can be obtained 
with a modulating signal contain¬ 
ing less than one-half percent dis¬ 
tortion. 

Doubler Trocks 

A conventional self-biased class-C 
doubler is used. This stage tracks 
with the oscillator if the inductance 
of the tank coil is made one-fourth 
that of the oscillator tank and an 
identical capacitor section is em¬ 
ployed. However, a higher tank cir¬ 
cuit impedance can be obtained by 
decreasing the capacitance and 
correspondingly increasing the in¬ 
ductance. The requirements for 
tracking are that the shape of the 
capacitor plates be identical and 
that the ratio of maximum capaci- 
tor-and-circuit capacitance to total 
minimum-capacitancc in the dou¬ 
bler circuit be the same as for the 
oscillator circuit. 

Amplitude modulation is pro¬ 
duced by modulating the screen cir¬ 
cuit of the output stage. Since the 
power required is small and com¬ 
parable with that required for fre¬ 
quency modulation, a simple resis¬ 
tance-tuned modulating oscillator 
.serves for either amplitude or fre¬ 
quency modulation. Distortion is 
less than 3.6 percent for amplitude- 
modulation depths up to 60 percent. 
Due to the effective buffer action of 
the doubler stage, the spurious fre¬ 
quency modulation produced during 
amplitude modulation is small. 

Frequency range switching is ac¬ 
complished by providing the output 
tank coil with two contact points, 


one or the other of which is 
grounded by spring-contact fingers 
actuated by the frequency range 
switch. This method avoids most 
of the mechanical and electrical 
difficulties of coil switching. 

In the output tank circuit, a high 
Q was desired to reduce the har¬ 
monically-related spurious output 
signals, while a low Q was desired 
to reduce the amplitude modulation 
introduced on frequency-modulated 
signals by the selectivity of the cir¬ 
cuit. In the final design, the damp¬ 
ing was adjusted to reduce spurious 
signals to more than 36 decibels be¬ 
low the desired signal. The result¬ 
ing amplitude modulation at 75-kc 
deviation is about two percent. 

A mutual-inductance (piston) at¬ 
tenuator’s is coupled to the tank-cir¬ 
cuit inductor of the output stage. 
This is a simple and accurate at¬ 
tenuator for the vhf range since the 
rate of attenuation is dependent 
only on the inner diameter of the 
attenuator tube after sufficient at¬ 
tenuation has been Introduced to 
suppress undesired modes of propo- 
gation of the electromagnetic field 
in the tube. The attenuator dial is 
calibrated from 0.1 microvolt to 0.2 
volt; correction being made for a 
slight nonlinearity at the high-volt¬ 
age end of the range. 

Figure 10 shows the design of 
the output system. The voltage in¬ 
duced in the attenuator coupling 
loop L, in Fig. lOA is 



FIG* •* I4«chaiiical d«tcdls of th« r-l ot- 
Minbly. Tha arrow ladlcatos tho tlotlod 
■talor ol Cl 
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FIG. 10. Circuit (A) it flit output trtltm 
in which th# D-thoptd cell It it uttd. Tht 
tqniTcdtnt circuit of tht crtltnuolor it 
ihown ot (B) cmd tht tquiTcdtnt circuit 
ol tht signal gtntrotor at (C) 

»' » luM - <0* 

iZi) 

where = 2w times the frequency 
and k is the coefficient of coupling 
between In and 

This equation shows that e' is a 
function of the tank voltage E and 
the coefficient of coupling k only. 
The attenuation law of the piaton 
attenuator controls k. Voltage E is 
monitored by a voltmeter of the set- 
to-line type, the level being adjusted 
by a control in the screen circuit 
of the output tube. The output tank 
coil is physically flattened on the 
side facing the attenuator to pre¬ 
sent a more uniform field to the 
attenuator and permit larger values 
of k than are obtainable with a coil 
of circular cross-section. Although 


tank voltage E is smaller when 
dou bling , the transformer ratio 
iVLi/Lx of Eq. 22) is larger and 
the allowable Q is greater. By plac¬ 
ing the attenuator in proper rela¬ 
tion to the tank coil, equal output 
is obtained on the two frequency 
ranges with very little change in 
the gain control setting. 

A switch, ganged with the fre¬ 
quency range switch, actuates a 
precision voltage divider to halve 
the frequency-modulating voltage 
when the high-frequency range is 
being used since otherwise the devi¬ 
ation would be double that on the 
low-frequency range. A section of 
this unit switches calibrating re¬ 
sistors in the r-f monitoring volt¬ 
meter circuit. 

Standard 53-ohm RG68/U cable 
is used for the output cable. To 
keep the output impedance of the 
generator constant, a 53-ohm re¬ 
sistor is placed in series with the 
coupling loop and another is used to 
terminate the output cable. From 
Fig. lOB, the voltage e across the 
terminating resistor is then: 

536 ^ _ 

V(106)* -h 

Since L, is less than 0.01 micro¬ 
henry, (cdLs)* can be neglected in 
comparison with (106)* and e =: 
e'12. 

Neglecting L. in Fig. lOB, an 
application of Thevenin’s theorem 
yields the equivalent circuit of the 
signal generator, shown in Fig. 
IOC. Thus the generator can be 
represented as a source e in series 
with a resistance of 26.6 ohms. The 
attenuator is calibrated in terms of 


the open-circuit output voltage e. 

If the load impedance is not large 
compared with 26.6 ohms, the volt¬ 
age applied to a load attached to the 
output terminals can be calculated 
by using the equivalent circuit of 
Fig. IOC. 

To provide frequencies below the 
range of the signal generator, a 
converter consisting of a fixed oscil¬ 
lator operating at 70 me, a linear 
mixer, and an amplifier which has 
flat response from 100 kc to 25 me 
has been constructed. When the 
signal generator is tuned from 70.1 
to 95 me, the difference frequency 
of 100 kc to 25 me is obtained from 
the converter. With frequency mod¬ 
ulation the useful low-frequency 
limit is obviously dependent on the 
deviation employed. 

By adjusting the over-all con- 
version-amplification of the con¬ 
verter for unity gain, the output 
voltage can be read directly from 
the attenuator dial of the signal 
generator without requiring an ad¬ 
ditional monitoring system or at¬ 
tenuator. Provision is also made 
for an uncalibrated voltage with 
about ten times the amplitude of 
the input signal. The fixed oscil¬ 
lator is provided with a calibrated 
incremental trimmer capacitor for 
selectivity measurements. 


References 


(1) Barber, A. W., Frauku, C. J. anU 
Richardson, A. O., A Frequency-Modula¬ 
tion Signal Generator, Elicteonicb, April 
1941. p 86. 

(2) Badena, R. 8., Mixer Frequency 
Charts, BLncTXOPrictt, Ai^st 1946, p tftH. 

(8) Bund, August, '^Frequency Modula¬ 
tion’^, p 166, MeUraw-HiU Book Co. 

(4) Harnett, D. E. and Case, N. P., The 
DcMigii and Testing of MuJtirange Receivers. 
Froc. JFE, gg, June 1985, p 578. 


Wide-Range Sweeping Oscillator 

Single test oscillator covers all frequencies from upper video range through standard 
a-m broadcast, police, aeronautical, f-m broadcast, and television bands to the citizen’s 
band. Basically the circuit is a beat-frequency oscillator using two 3*cm klystrons 

E xpansion of the commercially wartime developments, has made an example, the maintenance man al- 
useful electromagnetic fre- extremely wideband sweeping os* temately faced with servicing a 
quency spectrum, accelerated by cillator a laboratory necessity. For standard a-m broadcast receiver 
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FIG. 1—Block diagram ihowi principle oi operation 


and next a television receiver needs 
an oscillator covering a wider fre¬ 
quency range than provided from 
previously available signal genera¬ 
tors. The research worker needs a 
laboratory instrument covering an 
even greater frequency spread. 

To meet a need for such test 
equipment a wide-range sweeping 
oscillator has been developed. It has 
output frequencies between 50 kc 
and 500 me immediately available 
at approximately a 50-ohm imped¬ 
ance level and with an amplitude of 
about 0.1 volt maximum. 

R«e«ivgr AlIgniiiGiit 

Frequency excursion per sweep 
is adjustable to a maximum of ap¬ 
proximately 40 me. A sawtooth 
sweep voltage adjustable between 
50 and 100 cps is available at front 
panel terminals to be used either as 
such or as a synchronizing source 
for another sweep generator. A pre¬ 
cision coaxial wavemeter is in¬ 
cluded with the front panel controls. 
Thus the sweeping oscillator in com¬ 
bination with any cathode-ray oscil¬ 
loscope provides a receiver align¬ 
ment tool that is at once precise and 
extremely flexible. For example, a 
television or f-m broadcast receiver 
can be aligned with equal ease. 


In aligning a receiver, the sweep¬ 
ing oscillator produces a signal of 
nearly constant amplitude but with 
a cyclic time variation in frequency. 
A sweep voltage whose amplitude 
variation is synchronized with the 
signal frequency variation is also 
furnished by the sweeping oscilla¬ 
tor. With the frequency excursion 
approximately centered in the pass- 
band of the receiver, the vertical 
amplifier of the oscilloscope is con¬ 
nected to some convenient monitor¬ 
ing point in the audio or video sec¬ 
tion of the receiver. The sawtooth 
sweep voltage output available at 
the oscillator is connected to the 
horizontal amplifier of the oscillo¬ 
scope, or the internal sweep of the 
oscilloscope, properly synchronized, 
is used. The pattern on the acreen 
is a graph whose abscissa is fre¬ 
quency and whose ordinate is re¬ 
ceiver response. 

This method of alignment is more 
rapid than the point-by-point tech¬ 
nique. What is usually more impor¬ 
tant, the effect of the adjustment 
or variation of any of the receiver 
parameters on the response at all 
frequencies is immediately appar¬ 
ent. The possibility of missing a 
hump or some other asymmetry in 
the response is eliminated, as the 


output of the sweeping oscillator 
has no discontinuities within its 
particular spectrum. 

Calibration of the frequency co¬ 
ordinate of the receiver response 
frequency plot on the oscilloscope 
screen is most conveniently accom¬ 
plished by means of the precision 
absorption type wavemeter. When 
the sweeping oscillator passes 
through the frequency to which the 
wavemeter is set, there will be a 
dip in the response pattern, thus 
effecting the calibration. 

Oscillator Componoats 

Figure 1 gives the block diagram 
of the sweeping oscillator, which is 
a heterodyne-type generator com¬ 
bining the outputs of two X-band 
(3-cm) reflex klystrons (the Shep- 
pard-Pierce type) in a mixing net¬ 
work. One klystron, called the sig¬ 
nal generator, is at a fixed fre¬ 
quency during operation of the in¬ 
strument. The other, designated 
the local oscillator, is swept in fre¬ 
quency by the application of a saw¬ 
tooth wave to its repeller. The two 
outputs are heterodyned in a mi¬ 
crowave crystal mixer and the re¬ 
sulting difference frequency made 
available at the output terminals. 

The sawtooth is generated by a 
gas tube relaxation oscillator and 
serves not only to modulate the local 
oscillator but also to develop sweep 
voltage for use in synchronization 
of an oscilloscope sweep. An effi¬ 
cient electronically regulated power 
supply furnishes plus 300 volts, 
minus 300 volts (both regulated), 
and filament power. Ripple is kept 
very low so as to obtain stable 
klystron operation. 

Swaaplng Oielllafor 

Figure 2 shows the simplified 
schematic diagram of the sweeping 
oscillator. All adjustments are 
available at the front panel. The 
sawtooth sweep voltage generator is 
a conventional gas tube relaxation 
oscillator utilizing the miniature 
2D21 gas tetrode. The sweep rate 
control varies the capacitor charg¬ 
ing time-constant to make available 
sweep rates from approximately 50 
to 100 cps. The sweep amplitude 
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control adjusts the output fre¬ 
quency excursion up to a maximum 
of 40 me by controlling the magni¬ 
tude of the sawtooth voltage applied 
to the local klystron oscillator re- 
peller electrode. The use of this ad¬ 
justable relaxation oscillator for 
the production of both frequency 
and oscilloscope sweep has not only 
added to the flexibility of the sys¬ 
tem, but has also eliminated the 
inconvenient phasing adjustments 
necessary when the line supply volt¬ 
age is used for the same purpose. 

It is also possible to frequency 
modulate the klystron from an ex¬ 
ternal source by removing the 2D21 
and feeding the external modulat¬ 
ing signal into the instrument 
through the sweep output jacks, 

Reiex Klyttrea Charaeferlitles 

The literature is sufficiently rich 
in klystron references to make any 
detailed review of klystron theory 
inappropriate. However, maximum 
efficiency in the utilization of this 
sweeping oscillator requires that 
certain klystron characteristics be 
kept clearly in mind. Figure 3 gives 
two plots, both against the magni¬ 
tude of negative repeller voltage, 
as the abscissa (repeller voltage in¬ 
creasing in negative value to the 
right); one graph is with output 
as the ordinate, the other with fre¬ 
quency as the ordinate. 

The plot of output against repel¬ 
ler voltage indicates that oscilla¬ 
tions can be sustained over certain 
ranges of repeller voltages. Note 


that the average magnitude of the 
output over the two ranges shown is 
greater for the higher repeller volt¬ 
age. The mode with the greater out¬ 
put, as would be expected, is asso¬ 
ciated with the lesser time of the 
electron bunches in the space be¬ 
tween the bunching grids and the 
repeller. The two voltage modes are 
only representative; there may be 
more or fewer depending on the 
electrode voltages obtainable. 

The plot of repeller voltage 
against frequency illustrates the 
frequency sweeping principle of 
this instrument. If the repeller volt¬ 
age is varied over a range within 
the limits imposed by a voltage 
mode, then the frequency of the 
local oscillator will vary in magni¬ 
tude as well as frequency, as be¬ 
tween points A and B of Fig. 3. 
This variation in magnitude might 
seem to introduce an unwanted 
amplitude modulation characteristic 
in the output. Actually such is not 
the case, for reasons to be men¬ 
tioned in the next section. 

The natural resonant frequency 
of the cavity of either klystron is 
not affected by the variation of the 
repeller voltage; such variation 
merely drives the cavity off reso¬ 
nance up to a limit imposed by the 
effective Q of the cavity. The ac¬ 
tual resonant frequency is adjusted 
by changing the grid spacing and 
thus the physical conformation of 
the cavity. The grid spacing of 
either klystron can be changed, but 
only a control for the local oscillator 


is brought out to the front panel as 
the coarse tuner. 

Mixing Oscillator Outpats 

The principal design problem as¬ 
sociated with mixing the outputs 
of the two oscillators in the wave¬ 
guide system involved the efficient 
isolation of the oscillators from 
each other to minimize pulling. 
Furthermore, sufficient decoupling 
between the oscillators and their 
load was required. Figure 4 illus¬ 
trates the waveguide system that 
was used. The chief feature of this 
system is the broadband directional 
coupler, which consists physically 
of three holes in the wall between 
the two waveguides. 

Directional couplers are designed 
to provide transmission between 
two waveguides (or transmission 
lines) in one direction only. For 
this particular system, the direc¬ 
tional coupler allows energy from 
the signal oscillator to reach the 
crystal mixer, but ideally no en¬ 
ergy from this source reaches the 
local oscillator. Similarly a mini¬ 
mum amount of energy from the 
local oscillator reaches the signal 
oscillator. Transmission from one 
waveguide to the other is directed 
to the termination and is almost 
completely absorbed. Thus local and 
signal oscillators are isolated and 
the possibility of locking or pulling 
is minimized though not entirely 
eliminated, as later explained. 

Signal from the signal oscillator 
undergoes about 10 db attenuation 
in passing through the directional 
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coupler and, constrained by the 
one-way properties of the coupler, 
reaches only the crystal mixer as¬ 
sembly. There is little reflection of 
this particular signal in either of 
the waveguides because the crystal 
assembly is in the shorter wave¬ 
guide, and a carbon coated termina¬ 
tion card is in the other. Both pro¬ 
vide loads of approximately the 
characteristic impedance of their 
waveguides. The signal from the 
local oscillator travels directly to 
the mixer. The portion of the sig¬ 
nal from this source entering the 
longer waveguide by way of the 
three-hole coupler is directed only 
toward the termination, where it is 
completely absorbed. 

The attenuator between the lo¬ 
cal oscillator and mixer decouples 
this oscillator from its load. As a 
matter of fact, the attenuator ac¬ 
tion is incidental, the isolating ac¬ 
tion being the primary considera¬ 
tion. The attenuator in the signal 
oscillator path is actually the out¬ 
put attenuator; that is, its adjust¬ 
ment controls the amplitude of the 
output from the sweeping oscillator. 
This action is possible because the 
output of the sweeping oscillator 
results from the heterodyning of 
two signals, one much larger than 
the other; the heterodyned output 
amplitude is substantially independ¬ 
ent of the larger. The smaller of 
the two signals at the mixer is that 
of the signal oscillator, as this one 
is attenuated more in passing 
through the directional coupler. 
Hence, adjustment of the trans¬ 
mitted amplitude of the signal 
oscillator controls the output of 
the sweeping oscillator. This ar¬ 
rangement also prevents the pre¬ 
viously mentioned amplitude modu¬ 
lation of the local oscillator signal, 
associated with the frequency mod¬ 
ulating process, from appearing in 
the output. With the signal oscilla¬ 
tor producing an output of con¬ 
stant amplitude, the output of this 
instrument is therefore substan¬ 
tially independent of variations in 
the amplitude of the local oscillator. 

Preqaeacy Callhraflaq CIrcalt 

The frequency calibrating circuit 
of this instrument is built around 


a precision coaxial absorption wave- 
meter. The outer conductor of the 
coaxial line is silver plated on its 
inner surface, and the moveable 
center conductor is an invar rod 
successively copper, nickel, and sil¬ 
ver plated. This type of construc¬ 
tion, together with close mechanical 
tolerances, insures high Q, negli¬ 
gible temperature coefficient, and 
high overall precision. 

The crystal current indicated on 
the microammeter is a function of 
the rectified output of both the local 
and signal oscillators. Normally, 
however, the highly attenuated sig¬ 
nal of the signal oscillator contrib¬ 
utes a negligible amount to the total 
crystal current. Hence in order to 
monitor the output or measure the 
frequency of the signal oscillator it 
is necessary to deactivate the local 
oscillator and increase the meter 
sensitivity by a pushbutton switch 
on the front panel. 

In the operation of this instru¬ 
ment, a reading proportional to the 
local oscillator frequency is taken 
and recorded, with the sweep ampli¬ 
tude at zero. The pushbutton is 
then depressed, and a reading is 
taken of the frequency of the sig¬ 
nal oscillator. The output frequency 
is then the difference multiplied by 
a proportionality factor. 

After the oscilloscope pattern is 
properly located and centered ap¬ 
propriately to the equipment under 
test, the calibration of the fre¬ 
quency axis of this pattern is ac¬ 
complished by first recording the 
wavemeter reading proportional to 
the wavelength of the signal oscil¬ 
lator. This measurement involves 
tuning the wavemeter until the en¬ 
tire visible pattern decreases. The 
wavemeter is then varied until a 
moveable dip is seen on the pattern. 
The movable dip is an indication of 
the frequency of the local oscillator 
and is used to measure the width 
of the passband and, in conjunction 
with the signal oscillator reading, 
the absolute frequency. This pro¬ 
cedure eliminates the use of any 
switching. 

The midpoint of the frequency ex¬ 
cursion can be readily adjusted to 
a maximum of 500 me. This limit 
is not imposed by the frequency 


range of the two klystrons. Indeed, 
if only the range of the two oscilla¬ 
tors were considered, a maximum 
midpoint frequency of nearly 1,000 
me could be reached. This last fig¬ 
ure arises from the fact that each 
oscillator has a frequency range 
of about 1,000 me, covering the band 
8,700 to 9,700 me. The upper fre¬ 
quency limitation of the instrument 
is determined by the properties of 
the output circuit. Much above 500 
me, the unavoidable capacitances 
in the crystal mixer output circuit 
take their toll and the output am¬ 
plitudes fall off. If, however, a co¬ 
axial output circuit is used, it is 
possible to push the frequency limit 
up another octave to 1,000 me. 

The sweep amplitude adjustment 
gives continuous control of the fre¬ 
quency excursion per sweep from 
zero up to a maximum of 40 me. 
This large frequency excursion, 
together with the frequency cover¬ 
age, gives ample and flexible cover¬ 
age for most if not all commercial 
vhf applications, including color 
television. 

With the local oscillator sweep¬ 
ing a frequency range that just or 
nearly includes the constant fre¬ 
quency of the signal oscillator, it is 
possible to obtain output frequen¬ 
cies close to the audio range. Ideally, 
of course, the complete audio band 
could be covered. This is not prac¬ 
tically feasible, however, because 
even with a carefully designed 
waveguide system there is some 
pulling or interaction between the 
two oscillators when their frequen¬ 
cies are close. This interaction can 
be ascribed to the small departure 
of the waveguide terminations and 
crystal mixer assembly from the 
ideal flat waveband loading. It is 
this pulling which limits the low 
end of the frequency range. 

In addition to the use of the 
sweeping oscillator as an aligning 
instrument, it is also possible to 
utilize the oscillator without the 
sweeping feature by the simple ex¬ 
pedient of turning ofi the sweep 
amplitude. This instrument so op¬ 
erated becomes a c-w signal source 
with the above-mentioned ranges. 

This instrument is well suited for 
instructional purposes as it pro- 
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duces visual indications of the fre¬ 
quency characteristics of receivers 
and transducers when used in con¬ 
junction with a suitable oscillo¬ 


scopehaving a conventional circuit. 

No complete attempt to enumer¬ 
ate the capabilities of this instru¬ 
ment has been made. It is the opin¬ 


ion of the designers that this in¬ 
strument is intrinsically so flexible 
that numerous additional uses will 
suggest themselves to the user. 


VHF Impedance Measurements 

Equipment for making impedance measurements in the range from 50 to 150 me is 
described and its probable errors are analyzed. Construction and operation of the equip¬ 
ment and method of making measurements are explained 


f|N INSTRUMENT with which to 
inLmeasure impedance in terms 
of resistance and reactance through 
the range of frequencies which have 
been assigned to the commercial 
f-m and television services is 
needed. Below this range r-f 
bridges are satisfactory and above 
this range slotted-line measure¬ 
ments are convenient.' 

The instrument to be described 
is small and compact so that it can 
be used in many places inaccessible 
with conventional equipment. The 
grounding problem, which is always 
important and often critical at these 
frequencies, offers little difficulty 
principally because the device is 
complete in itself. 

The range can be quickly varied 
to suit the particular problem so 
that in most cases it is unnecessary 
to supplement the unknown im¬ 
pedance with a known reactance in 
order to bring the unknown im¬ 
pedance within range of the instru¬ 
ment. However, greatest accuracy 
is obtainable through the resistance 
and reactance ranges commonly en¬ 
countered in antenna and transmis¬ 
sion line measurements. The resis¬ 
tance range is approximately 30 to 
1000 ohms, and at 100 me the re¬ 
actance range is approximately 
=hl5 to 500 ohms. The reactance 
range depends on the capacitance 
range of the capacitor used for C« 
in Fig. 1 and 2. 

Resistance measurements are 
made in terms of a ratio of the 
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voltage developed across a resonant 
circuit to the voltage resulting 
when the unknown resistance is in¬ 
troduced into the circuit. The un¬ 
known reactance is measured in 
terms of the variation of reactance 
of an accurately calibrated capaci¬ 
tor that is required to return the 
measuring circuit to resonance.* 

The most logical means of meas¬ 
uring voltage and indicating reso¬ 
nance is a vacuum tube voltmeter 
connected to a resonant circuit 
L,Ci as shown in Fig. 1. Because a 
voltage ratio is used, the voltmeter 
need not be calibrated if its law of 
deflection is known. One of the ad¬ 
justments requires tuning to pro¬ 
duce 70.7 percent of the voltage at 
resonance. This voltage would be 
one-half of the voltmeter reading at 
resonance if the voltmeter were 
square-law. The added sensitivity 
of this type of voltmeter is conven¬ 
ient for increased tuning accuracy. 

A balanced-modulator circuit will 
insure square-law operation be¬ 


cause only second-order terms ap¬ 
pear in the plate circuit. A 100-/uia 
meter with at least 50 dial divisions 
is satisfactory for the meter. The 
required balanced voltage for the 
voltmeter is obtained from the bal¬ 
anced circuit Z#,C,. 

Assume Q» of resonant circuit Lti 
Ca, Cn is reasonably high so that Rt 
can be neglected. Let Z. be the im¬ 
pedance seen by a series generator 
in circuit 2 of Fig. 1 when it is 
isolated from circuit 1, then 

Z.-I-Z, 

When circuit 2 is coupled to circuit 
1, the impedance appearing in cir¬ 
cuit 1 due to circuit 2 is" 

_ (wAf)* («M)* 

Z2 “ Z. ^ Zi 

This equation shows that the 
various shunt impedances affect 
circuit 1 independently and any one 
may be added or removed without 
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FIG. 2—A balonMd. tquar*-law Tocuum-tub* ToltmtUr li bull! into tbo Instru- 
mont to moofluro tho voltago acroM tho roionant circuit 


changing the effect of the others. 
Regardless of the physical arrange¬ 
ment of the unknown impedance, 
circuit 2 sees the equivalent resis¬ 
tance in parallel with the equivalent 
reactance. In cases where the 
series components are more desir¬ 
able and useful, the parallel com¬ 
bination can be changed to the 
series equivalent. 

It should be noted that the mini¬ 
mum capacitance of C» will appear 
across C^ as an unknown reactance 
but the effect of this reactance is 
constant and will not modify the 
value of the unknown because it 
has been shown that unknown com¬ 
ponents across C, affect circuit 1 
independently. 

It is important to connect the un¬ 
known directly to the terminals of 
Ca rather than to electrically equiv¬ 
alent points, to eliminate error 
which would be introduced by the 
inductance of the leads connecting 
circuit 2 to C». The method of tun¬ 
ing circuit 2 described below will 
show that the circuit inductive re¬ 
actance is tuned out. 

Care must be taken to maintain 
the Q of circuit 2 as high as pos¬ 
sible because the principal assump¬ 
tion in this method of measurement 


is that the resistance of circuit 2 is 
negligible. Consideration of this 
resistance would make the measure¬ 
ments unnecessarily tedious. Ex¬ 
perience has shown that very prac¬ 
tical and useful results can be ob¬ 
tained with such an assumption. 

The resistance 72, of circuit 1 is 
used as a starting point for making 
measurements but it is not neces¬ 
sary to know the ohmic value. At 
one point in the tuning procedure, 
circuit 1 will be detuned from reso¬ 
nance until the square-law voltme¬ 
ter indicates one-half the reading at 
resonance. This indicates a volt¬ 
age 70.7 percent of maximum and 
shows that a reactance equal to R, 
has been added to circuit 1. This 
reactance will then be replaced by 
an equal reactance of opposite sign 
which can be accurately determined 
from C». The constant driving volt¬ 
age is effectively in series with Li 
and Cl because this circuit is driven 
by a pentode which is practically a 
constant-current generator. The in¬ 
ductive coupling between Li and Lt, 
which presents resistance and re¬ 
actance components to circuit 1, 
need not be known. 

In using the vhf impedance meas¬ 
uring circuit of Fig. Z, the follow¬ 


ing procedure is used: 

1. Detune C, until it has no ef¬ 
fect on the voltmeter and set the 
voltmeter to zero. 

2. Set Ch to minimum so that 
AC. = 0. 

3. Tune C, for maximum volt¬ 
meter reading and adjust the am¬ 
plifier gain for a convenient read¬ 
ing, probably full scale. Circuit 2 is 
so far from resonance that it will 
have negligible effect on circuit 1 
at this point. 

4. Short C» by inserting a strip 
of crimped copper between the 
plates. This must be done at the 
plates rather than across the ter¬ 
minals to avoid the error caused by 
the inductance of a relatively long 
shorting bar across the terminals. 

5. Tune C, for minimum voltage 
indication. 

6. Remove the shorting strip and 
check C, for resonance. 

7. Note the maximum voltmeter 
reading in dial units as V^, 

8. Detune circuit 1 by decreasing 
Cl until the meter indicates one- 
half the maximum reading. At this 
point Xci = Ri. 

9. Retune circuit 1 to resonance 
by increasing C,. This indicates 
that an impedance equal to Ri has 
been presented to circuit 1 from 
circuit 2. Note (AC*). 

10. Add the unknown directly to 
the terminals of C,. 

11. Retune Ct to cancel the added 
reactive component. Call the new 
setting of C, (AC/). Note (AC/) 
and the new voltmeter reading V*. 

12. l/a>(A'C.) - (AC.) = (A'C.) 
is the unknown reactance, where 
(A'Ca) =(AC,') - (AC,). From 
step 9 above 

1/«(AC,) ^ «(AC,) 

The voltages developed across Ci 
are inversely proportional to the 
effective circuit resistances so that 

El iJMVR _ 1 

g, * Ri “ gw (AC.) 


(J - l)« (AC,) 

Let P = {EM - 1, and V = 
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FIG. 3—Adjust coupling botwoon cir¬ 
cuits 1 and 2 oi Fig. 1 to koop within 
the range of least relotlTe error K 
which con be introduced by inaccu¬ 
racies in reading Toltages when meas- 
using resistonces 

voltmeter deflection in a square-law 
device, then P = VViT^* — 1: = 

l/Pu>(ACa): X = l/o>(A'C'.). 

ARolysis of Errors 

From the above equations for R 
and X, we see that the accuracy of 
the measurements depends on a 
knowledge of frequency, (AC*), and 
the voltage ratio used to find P, 
For greatest convenience in using 
an instrument of this type, it is 
necessary that the source of fre¬ 
quency be an integral part of the 


unit. The oscillator shown was cali¬ 
brated with a heterodyne frequency 
meter, the fundamentals of which 
were referred to a frequency stand¬ 
ard. Tuning circuit 1 through reso¬ 
nance may cause a frequency change 
of about 0.002 percent. It is safe 
to assume that errors in frequency 
will be negligible as compared with 
other probable errors. 

By means of differentials, the 
relative effect of errors in the cali¬ 
bration or use of C, can be shown 
from X — l/o)(A'Ca). . Assuming 
that A(t) = 0, and taking logs we ob¬ 
tain log X ~ logl — logto — log 
(A'Ca); and differentiating obtain 

dx/x = -d(m/(yc,). 

This result shows that the rela¬ 
tive error in measuring reactance 
is inversely proportional to (A'C.) 
and directly proportional to the er¬ 
ror in finding (A'Cg). This is par¬ 
ticularly serious for large induct¬ 
ances and small capacities because 
(A'Ca) is equal to the difference in 
the two settings of C*. The resistive 
component of the unknown lowers 
the Q of the circuit so that the exact 
setting of this capacitor for reso¬ 
nance is more difficult. Sometimes 


it is better to tune through reso¬ 
nance until the voltmeter reading 
indicates the same point but on the 
other side of the resonance curve. 
Then one-half of the change in C, 
will be required (A'Ca), 

The measurement of the resistive 
component involves the square root 
of the voltage ratio and also (ACa) 
as the principal causes of error be¬ 
cause again these errors will prob¬ 
ably be large compared to the error 
in frequency. It is doubtful that C, 
can be set within about 2 or 3 per¬ 
cent because of the broadness of 
resonance. 

The relative error in finding R 
which results from error in the volt¬ 
age ratio is more easily predicted 
by considering the error in finding 
P. Let Vi and V, be the meter de¬ 
flections in any units and assume 
F, constant as the starting point, 
then P = \/VjV\ — 1, taking logs; 
log P = log(\/F,7F. -1), and dif- 
ferentiating 
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The factor inclosed in brackets 
is plotted as a function of Va in F ig. 
3. This curve indicates the range 
through which Va may be read for 
minimum error. The values of Vt 
and (AC#) are interdependent and 
can be adjusted toward optimum 
by varying the coupling between Li 
and L,. This adjustment also is 
convenient in the measurement of 
reactance. If a large capacitance 
is to be measured, the coupling is 
made small so that (AC#) will be 
large. Conversely, for a large in¬ 
ductance, the coupling is made close. 
This adjustment effectively doubles 
the useful range of C#, Errors in 
determining P or (AC,) affect R 
in just the same manner as an error 
in (A'Cs) affects the measured 
value of X, Of course, the errors 
can tend to cancel or to accumulate, 
depending on the relative sign of 
the differential value. 

If the power leads are filtered, no 
r-f will get to L, except through the 
pentode amplifier which approxi¬ 
mates a constant-current generator. 
A butterfly circuit* oscillator is an 
ideal source of power for such a de¬ 
vice because of its range, small size 
and simplicity. 


The upper frequency limit of this 
particular unit is 160 me. This 
limit is determined by the necessary 
inductance of the leads to C# be¬ 
cause the terminals of C» must be 
available for connecting the un¬ 
known. Ln must be large enough 
to couple sufficiently with L,. 

The square-law vtvm is best 
checked by plotting the square root 
of the meter deflection as a func¬ 
tion of the applied voltage. If the 
meter response is square-law, this 
plot gives a straight line. 

In use. the balance of the L,C, 
circuit can be conveniently checked 
by tuning C, to resonance and then 
touching each stator section of Ci 
in succession. The voltmeter read¬ 
ing should drop to nearly zero in 
each case. Small amounts of unbal¬ 
ance can sometimes be compensated 
by adjusting the center-tap by-pass 
capacitor. Choice of tubes or of 
bias operating point is relatively 
unimportant. 

In making any measurement, it 
is comforting to be able to make it 
by at least two radically different 
methods. Because the range of this 
instrument overlaps the upper 
limit of the General Radio 916-A 
r-f bridge, a complete comparison 
of the two methods at 50 me was 
possible. The average difference 


for random measurements was 
within five percent and in many 
cases less than two percent. 

Figure 4 shows the results of a 
group of measurements to deter¬ 
mine the characteristic impedance* 
of a 50-foot length of concentric 
line. The open-circuit and short- 
circuit reactances of the line are 
plotted as a function of frequency 
without regard to sign. 

Figure 5 gives the characteristics 
of a dipole fed with a length of EOl 
cable. As this is a balanced im¬ 
pedance and the instrument is an 
unbalanced device, the measure¬ 
ment is tedious but the curves 
indicate the results that can be ex¬ 
pected and demonstrate the con¬ 
sistency of the measurements. The 
value of about 76 ohms resistance 
at resonance is reasonable. 
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Wide-Range Signal Generator with 
Automatic Amplitude Control 


After experimenting with vari¬ 
ous types of amplitude control for 
L-C oscillators involving shunting 
of the tuned circuit, with results 
not wholly satisfactory, the follow¬ 
ing scheme was worked out with 
much better success. It was in¬ 
spired by the use, in General Ra¬ 
dio’s model 605 signal generator, 
of plate voltage control to set oscil¬ 
lator output to the desired ampli¬ 
tude. 

Referring to the circuit illus- 


By HOWARD T. STERLING 

trated, the output of the oscillator, 
F-1, is rectified by the diode, and 
the positive voltage resulting is fed 
to the grid of F-4. This tube is 
operated at low current, the vari¬ 
able cathode resistor R providing 
sufficient bias despite the positive 
voltage at the grid due to oscillator 
output. Variations in oscillator out¬ 
put are amplified by V*4 to control 
the bias on V-5 and hence the oscil¬ 
lator plate voltage. 

The signal voltage at V-4 grid can 


be applied to a vtum to read oscil¬ 
lator (and signal generator) output. 
Since the control depends upon 
change of amplitude, regardless of 
the level, it will be seen advisable to 
operate the oscillator at a relatively 
high level. In practice, twelve to 
fifteen volts peak was found most 
satisfactory. With a fairly high-Q 
variable capacitor (such that am¬ 
plitude does not fall below this 
value at the low-frequency end of a 
band) the output of the generator 
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can be kept constant plus or minus 
2 percent from 60 kc to 50 Me. 

The tube finally chosen for V-1 


was a 6AC7. Everything from a 
6J6 through a 6L6 was tried, but 
the 6AG7 behaved most consistently 
and provided highest output. Any 
convenient diode can be used for 
V-2. A 6L6 was used at F-S for 
high output 

Powor Supply 

The oscillator plate and V-4 
screen supply should be regulated, 
although it is not entirely necessary. 
The control circuit is essentially de¬ 
generative so that the output will 
not vary much with change in the 
line voltage. The screen potential 
on V-4 will affect the gain of that 
stage, though the plate voltage need 
not be regulated. Tube V-4 and its 
associated bleeder draw about 5 
ma and this is the only additional 
plate current drain introduced by 
this control circuit. 

Any doubts as to the advisability 
of changing the plate voltage of the 
oscillator may be set at rest; the 


resulting slight shift in frequency 
is far less than the one-percent tol¬ 
erance that must be expected in the 
best of wide-range signal gener¬ 
ators. 

The output can be adjusted by R; 
in practice this should be set and 
locked, although a vernier control 
of comparatively low resistance may 
be placed in series with it and 
brought to a knob on the panel to 
correct for residual amplitude 
changes of one and two percent if 
desired. With distortion, 100 per¬ 
cent modulation of V-8 is possible, 
but 60 percent modulation is very 
clean and requires about 15 volts 
peak of audio. 

The line termination at the gen¬ 
erator consists of the cathode im¬ 
pedance of the tube and the 500 and 
150-ohm resistors in parallel. 
Twelve volts r-f to the grid of VS 
will result in 2.6 volts output with 
a termination of 73 ohms at the far 
end of the line. 


High-Accuracy Signal Generator 

By J. J. BANN 


Unusual accuracy in a signal gen¬ 
erator can be accomplished using 
quartz crystal frequency control. 
In the instrument illustrated, out¬ 
put at any fundamental frequency 
from 100 kilocycles up to about 12 
megacycles is determined only by 
the crystals available. 

In addition, the small degree of 
correction necessary for a crystal 
which is either slightly low or 
slightly high in frequency can be 
done by the swit^ing circuit 
shown. A variable capacitor per¬ 
mits final adjustment of the crystal 
circuit to zero beat against WWV 
or a secondary frequency standard. 

This adjustment enables the 
operator to use the crystal har¬ 
monics as standard frequency 
markers throughout the radio 
spectrum up to 80 megacycles. If 
the same results are desired at 
higher frequencies, up into tele¬ 
vision channels, they can be 


achieved with crystals of higher 
fundamental frequencies ground to 
the same accuracy as the 100-kc 
standard supplied with the instru¬ 
ment. 

With a crystal at 10.7 me, f-m 
discriminators and ratio detectors 
can be aligned to their respective 
center frequencies. A 10.8 and a 
10.6-mc crystal can then be used 
successively to check the balance in 
the negative and positive direc¬ 
tions, and also the band limit ampli¬ 
tudes. The 10th harmonic of either 
of these i-f crystals provides the 
frequency for alignment of the 108- 
mc end of the r-f section in the re¬ 
ceiver. The 10.7-mc signal is un¬ 
suitable since it will ride through 
the i-f stages. 

For television receiver align¬ 
ment, five crystals can be employed 
at the five frequencies equal to 
one-half the frequencies required 
for stagger tuned i-f peaking. For 


example, RCA receivers are aligned 
at 21.8, 22.3, 23.4, 25.2 and 26.8 me. 
Ordinary peaking methods are em¬ 
ployed with an amplitude-modu¬ 
lated signal at the above points. 
Five crystals, at 10.9, 11.16, 11.7, 
12.6, and 12.66 me, will double to 
the desired frequencies. In addi¬ 
tion, a crystal for tuning each of 
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the trap frequencies to minimum is 
useful. These frequencies are 19.75 
and 21.25 me, for which the crystal 
frequencies for doubling would be 
9.875 and 10.626 me. 

Where peaking adjustments are 
being made the set is trinuned for 
maximum detector output (or avc 
voltage) at each of the peak fre¬ 
quencies, and when trap adjust¬ 
ments are made the traps are tuned 
for minimum output at the trapped 
frequencies. 

Aligned by zero beating against 


WWV at 2.5 or at 6.0 me, the 100- 
kc frequency can be used as a direct 
source of harmonics at 100 kc or 
as a sine wave generator for a mul¬ 
tivibrator. A similar application 
for higher frequency use would em¬ 
ploy a 1,000-kc crystal or one at 5.0 
or 10 me. In each instance after 
alignment by the zero-beat method 
against WWV standard frequency 
transmissions, harmonics of the 
fundamental crystal frequencies 
can be used up into the vhf region. 

Television receiver local oscil¬ 


lators can be adjusted to their 
proper fixed frequencies for each 
channel by use of crystals at a lower 
frequency with a harmonic at the 
desired frequency. For example, a 
channel 4 local oscillator in recent 
receivers is set at 93 me by zero 
beating it against the 10th har¬ 
monic of a 9.3 me crystal. A pre¬ 
war television receiver would have 
a channel 4 local oscillator setting 
of 80 me. This can be adjusted 
against the 10th harmonic of 8.0 
me or 8th harmonic of 10 me. 


Direct-Coupled R-F Amplifier 

By EARLE TRAVIS 


Anyone who has ever used a bridge 



Circuit el hlgli-gcdB dlruct-couptod ompU* 
fisr lor use wllh o uleucd guMrertor 


for measuring antenna resistance 
knows that a strong signal genera¬ 
tor is essential. Otherwise the null 
is buried under noise and the signal 
of any transmitter on that fre¬ 
quency. As the average signal gen¬ 
erator has a rather low output, an 
amplifier for it is a decided ad¬ 
vantage. 

An amplifier for this purpose 
should be completely shielded and 
nonoscillating. It is an advantage 
to have a low-impedance output to 
match the low-impedance cables 
furnished with the bridge. The cir¬ 


cuit shown in the diagram meets all 
these specifications. The reason for 
making it direct coupled is that this 
does away with all untuned circuits 
between the 6K7 and the 2A3, allow¬ 
ing the 6K7 to produce a relatively 
high gain. 

If it is desirable to have a con¬ 
stant output impedance, the output 
voltage of the amplifier may be va¬ 
ried by detuning the tuned circuit. 
No values are shown in the diagram 
for the tuned circuit as its values 
depend on the frequencies over 
which the amplifier will be used. 


Power Measurements at Very High 

Frequencies 

By WILLIAM MAHON 


This paper iHisCRiBBS a means for 
measuring r-f power between 20 
and 40 watts at 100 megacycles. 

Figure 1 shows a single^nded 
class C amplifier stage, using long 
lines. The antenna coupling cir¬ 
cuit, consisting of Li and C, is de¬ 
signed to match a 70-ohm coaxial 
line to feed the antenna. The load 


should, therefore, be in the vicinity 
of about 70 ohms. A 60-watt, 110- 
volt lamp operated below full watt¬ 
age has a resistance of about 70 
ohms; any slight discrepancy is 
compensated by the point of attach¬ 
ment to the coupling circuit. 

If a photoelectric cell PE is placed 
in the path of light from the lamp, 


a direct current will be generated 
by the photocell which can be meas¬ 
ured by a microammeter. The 
amount of current given by PE is 
dependent on the quantity of light 
produced by the lamp, which in 
turn is a function of the magni¬ 
tude of r-f flowing through it By 
calibrating the microammeter it is 
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Fig. 1—^Photoelectric method of meoturing r-f power at 100 megocycles 


possible to find the amount of r-f 
power produced by the amplifier. 

Construction Detoils 

As some photoelectric cells are 
damaged if subject to temperatures 
above 120 F, it is advisable to sep¬ 
arate the cell from the lamp by at 
least twelve inches. This is partic¬ 
ularly important if measurements 
are to be made over an extended 
length of time. 

A piece of Bakelite tubing with 
an inside diameter sufficient to ac- 



Plg. 2—Circuit lor calibrating tho lamp 
from on a-c Uno. U tho lamp It ro- 
plaeod. rocoUbrcrtioa It ntoottcory 


commodate the lamp is cut to 
proper length. A series of small 
ho es is drilled in the tubing to 
provide ventilation. A hood over 
the holes prevents entrance of ex¬ 
traneous light. The photocell is 
mounted at the other end of the 
tubing and bypassed for r-f as 
shown in Fig. 1. The length of 
leads going to the microammeter is 
of no relative importance; the leads^ 
preferably, should be shielded. By¬ 
passing the meter is also desirable 
to prevent burn-out due to stray r-f 
current. The meter shunt R may or 
may not be necessary, although it 
is a precaution to include it. 

The bulb is debased to cut down 
capacitance and the cement and in¬ 
sulation removed between the cen¬ 
ter contact and outside contact, 
turbing the position of it in regard 
to the photocell, connect the low- 
frequency a-c. Adjust the voltage 
with the autotransformer and read 
the microammeter. Plot the wattage 

Colibrofioii 

Figure 2 illustrates a calibration 
circuit for lighting the lamp from 
the a-c line. The meters are used 
for computing the power input to 
the bulb; a wattmeter may be used 
if available. 

To calibrate, remove one leg of 
the bulb from Lt and, without dis- 


input to the lamp versus meter 
reading. Should the pointer go off 
scale before the maximum wattage 
range is reached, then R is adjusted 
to keep the meter on scale. 

The calibration obtained holds 
only for each individual lamp and 
distance between the lamp and the 
photocell. Any change makes re¬ 
calibration necessary. Figure 3 is 
a typical calibration chart 

After calibration has been com¬ 
pleted, reconnect the lamp to Li. 
The transmitter is turned on and 
L, coupled to La so as to make the 
tiibt* draw normal plate current. 
The plate tank is repeatedly re- 
f lined for minimum plate current 
while C is being adjusted for maxi¬ 
mum plate current. The connec¬ 
tions from the lamp to L, should be 
tried in several places for correct 
impedance match. The proper place 
is where the meter indicates maxi¬ 
mum for the required input to the 
tube. 

Once the proper connections of 
the lam|) to L, and the correct rela¬ 
tionship between L^ and L,. has been 
established, L, should be fixed in 
position. To determine the r-f 
power, observe the meter reading 
and refer to the calibration chart. 
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Frequency-Scanning VHF Impedance Meter 

Instrument using principle similar to that employed in aircraft f-m terrain-clearance indi¬ 
cators scans bandwidths up to 30 me in the range between 10 and 250 me. Details of design 
are given and the method of operation is described, using termination of an r-f transmission 

line as an example 


I MPEDANCE MEASUREMENTS can be 
made at radio frequencies by 
several methods and techniques, us¬ 
ing such instruments as the radio 
frequency bridge, the slotted line, 
the Q meter and the combination 
of a calibrated signal-generator 
with standardized r-f ammeter, 
voltmeter or reference impedance. 
Each of these methods has its own 
particular type of utility. How¬ 
ever, in determining the impedance- 
versus-frequency curve of a partic¬ 
ular device, all require tedious 
point-by-point measurements, 

A new instrument has been 
developed which provides an instan¬ 
taneous and visually-presented de¬ 
termination of impedance versus 
frequency. The design of the in¬ 
strument is such as to enable it to 
handle almost all of the devices en¬ 
countered by the radio engineer in 
the design and development of 
present-day vhf and h-f equipment. 
The instrument is a frequency¬ 
scanning' reflection meter designed 
for operation anywhere in the 
range from 10 to 260 megacycles. 
At any frequency within this range 
it will rapidly scan a bandwidth of 
up to 30 megacycles. Its output 
signal, suitable for use with any 
oscilloscope, is proportional to the 
amount of energy reflected from 
the end of a transmission delay line 
to which the device or system under 
test has been connected. 

Principle of OperoHon 

The meter principle was origi¬ 
nally used in the terrain clearance 
meter.* It consists essentially of a 
wide-range sweeping oscillator* 
which is arranged to propagate 
a frequency-modulated signal 
through a transmission system of 


By LESTER L. LIBBY 

finite propagation time. This 
propagation time is such that at 
any instant the reflected energy 
received back from the far end of 
the system will be of a measurably 
different frequency from that being 
fed into its input. 

The pitch of the beat note pro¬ 
duced by combining the incident 
and reflected waves in an internally- 
contained detector circuit is pro¬ 
portional to the rate at which the 
frequency is being varied and to 
the propagation time of the trans¬ 
mission system. The amplitude of 
the beat note is proportional to the 
amplitude of the reflected wave. 

With reference to Fig. 1 and 2, 
the conditions which prevail are as 
follows: 

(1) An r-f voltage of amplitude 
A is linearly frequency-modulated 
between the limits /i and /, by a 
sawtooth waveform of period T, 

(2) This voltage is applied to a 
transmission line whose terminat¬ 
ing impedance Zl does not equal its 
characteristic impedance Z.. 

(3) The reflected energy due 


nG. 1 —Tfqawcj tlm# rtlatieiifthipf 

•Kifthig at Ui« baert-not* datector 


to this inequality is received back 
at the input after a delay time t 
equal to twice the propagation time 
along the transmission line. 

When attenuation in the trans¬ 
mission line is assumed to be neg¬ 
ligible and p is taken as the trans- 
mission-line reflection factor equal 
to (Z^ — Zg) the volt¬ 

age amplitude of the reflected wave 
will be p times the amplitude of the 
applied wave. The total frequency 
excursion A / of the reflected wave 
will be the same as that of the 
applied wave. The frequency of 
the beat note is given by 

^ (/. - fi) - y. A/ (1) 

The beat note exists for a length 
of time equal to T — T\ where T' 
is the time of the return sweep. 
At the end of this time, for the 
brief interval T', a transient fre¬ 
quency is set up as the applied wave 
snaps back from /* to /, to repeat 
the sweeping sequence. 

To a first order of magnitude, it 
is necessary that the beat-note 


FIG. a —Amplitvda time ralotioiishipi 
•xistlng ot th* baot-nolo^detactof 
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frequency be such that at least one 
full cycle of the beat note is com¬ 
pleted during the time interval T. 
As is apparent from Fig. 8, this 
condition must be fulfilled if a 
closely sinusoidal beat-note wave¬ 
form is to be obtained. Therefore 

i/F (2) 

For the case where T = 1/F, sub¬ 
stituting for T in Eq. 1 gives 

IS - l/r (3) 

In order, therefore, to secure at 
least one full cycle of beat note, the 
total frequency deviation must 
equal the inverse of the total propa¬ 
gation time outward and back 
through the transmission line. The 
amount of frequency excursion 
during one cycle of beat note will 
determine the frequency resolution 
of a particular reflection measure¬ 
ment. 

Detcripliofi of Intfrumonf 

In the instrument, a band-pass 
audio amplifier with variable gain 
is used in conjunction with the 
beat-note detector. This combina¬ 
tion results in high sensitivity of 
measurement of reflected energy. 
In order to reach the best com¬ 
promise between high gain, good 
stability and low susceptibility to 
disturbance from unwanted sig¬ 
nals, the amplifier is designed with 
a pass band of from 300 to 6,000 
cycles per second. The beat-note 
detector is a silicon-crystal diode 
and the frequency-sweeping signal 
generator is an oscillator* plus an 
auxiliary 2,000-cps sawtooth modu¬ 
lator of the phantastron type. 
Three fixed lengths of RG-58/U 
coaxial transmission line are in¬ 
cluded internally to provide a suit¬ 
able transmission delay for most of 
the applications ^generally en¬ 
countered. The propagation veloc¬ 
ity along this type of line is about 
660 feet per microsecond. 

The diagram of Fig. 3 shows the 
essential elements of the frequency¬ 
scanning reflection meter. The por¬ 
tion within the dotted line is the 
oscillator with its normal EO-cps 
sawtooth frequency modulation ap¬ 
plied to the high-level (local) oscil¬ 
lator. The frequency excursion 
can be adjusted to as high as 80 


megacycles or more. The adjust¬ 
able output of the 2,000-cps saw¬ 
tooth modulator is applied to the 
low-level (signal) oscillator, per¬ 
mitting sweep excursions of up to 5 
megacycles. The 60-cp8 sweep rate 
is intended for very-high-fre¬ 
quency (30 to 250 megacycles) 
broadband work, whereas the 2,000 
cps sweep rate is designed for high- 
frequency (10 to 50 megacycles) 
medium and narrow-band work. 

With the various combinations 
of transmission line lengths in¬ 
cluded in the instrument, total 
delay times of 0.2, 0.4, 0.6, 0.8 and 
1.0 microseconds are available. 
From Eq. 3 the respective sweep 
widths for obtaining one complete 
cycle of beat note output are 5.0, 
2.5, 1.67, 1.25 and 1.0 megacycles. 
For the condition of two full cycles 
of beat-note output per sweep, the 
above sweep widths are doubled; 
for three full cycles of beat note, 
the sweep widths are tripled; and 
so on. This permits operation of 
the instrument under a wide vari¬ 
ety of conditions, using either the 
high-frequency sweep rate or the 
low-frequency sweep rate as the in¬ 
dividual case may dictate, and 
patching in suitable lengths of in¬ 
ternal or external transmission line 
as required. 

Applications 

One typical use of the instrument 
is described in the following para¬ 
graphs. 


Suppose it is necessary to evalu¬ 
ate the impedance of a coaxial- 
sleeve broad-band vertical dipole 
antenna designed for operation in 
the 50 to 60 megacycle region from 
53.5-ohm coaxial transmission line. 
The antenna is mounted on an ele¬ 
vated support about 80 feet from 
the point at which the test instru¬ 
ment is most conveniently located, 
and an attached 100-foot length of 
53.5-ohm coaxial cable is brought 
down to the test location. It is 
desired to observe visually the re¬ 
flected energy from this antenna 
over the frequency range of 40 to 
70 megacycles, and this informa¬ 
tion is desired with a frequency 
resolution of about 2 megacycles. 

The ratio of total sweep width to 
desired frequency resolution is 
30/2 =: 15, so that 15 full cycles of 
beat-note output per sweep are 
required. Hence, modifying Eq. 3 
for this case. 

A/ - 16 (1/t) (4) 

so that 

T ■■ 15/30 «« 0.5 microsecond (5) 

The same figure may be arrived at 
by noting that the 2-megacycle 
resolution requirement is equiva¬ 
lent to saying that the applied fre¬ 
quency must shift at the rate of 2 
megacycles per beat-note cycle. It 
then follows directly from Eq. 3 
that T = i microsecond. 

A two-way delay of 0.5 micro¬ 
second requires a one-way length 
of solid-dielectric coaxial cable of 
166 feet. Since the 100-foot feeder 
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cable is already available exter¬ 
nally, it is only necessary to add a 
single 66-foot length of internal 
cable from that available in the 
instrument to make up the neces¬ 
sary transmission system. The 
setup is as follows; 

A patching cable is connected be¬ 
tween connectors Pi and P*. Another 
patching cable is connected between 
Pa andP*. The feed cable from the 
antenna is connected to Pa. The 
sweeping output is set up for a 
center frequency of 65 megacycles, 
with the 60-cps sawtooth generator 
set for 30 megacycles of total sweep 
width (the 2,000-cps sweep is set to 
zero for this particular applica¬ 
tion). The 60-cps sawtooth-sweep 
output terminals are connected to 
the horizontal sweep input of any 
commercial oscilloscope, and the 
output of the band-pass audio amp¬ 
lifier is connected to the vertical 
input of the oscilloscope. 

The visual pattern of the desired 
data will resemble the sketch of 
Fig, 4. The 15 complete beat-note 
cycles, swept every 1/60 of a second 
(F = 900 cps), are modulated by 
an envelope whose amplitude repre¬ 
sents the amount of reflected 
energy as a function of instantan¬ 
eous frequency. As can be seen, 
the reflected energy approaches zero 
in the region of 55 megacycles, at 
which point the antenna impedance 
closely matches the characteristic 
impedance of the transmission line. 
At either extreme of the frequency 
excursion the reflected energy ap¬ 
proaches that which would be ob¬ 
tained if the transmission line were 
terminated in an open circuit. It is 
thus possible to tell at a glance just 
how effectively a given antenna 
matches its transmission line, and 
over how wide a frequency band 
it does so. 

Trontniittieii-Lint Affenuolion 

Since attenuation is present to 
some extent in all practical trans¬ 
mission systems, the amplitude of 
the reflected voltage wave as re¬ 
ceived back at the beat-note de¬ 
tector is not strictly equal to p 
times the voltage amplitude of 
the applied wave, but is yiV times 


this amplitude, where v; is the 
voltage attenuation ratio suffered 
by the wave in traversing the 
length of the line one way. How¬ 
ever, it remains true that the ampli¬ 
tude of the reflected wave received 
back at the beat note detector is 
proportional to the magnitude of 
the reflection factor. For an open- 
circuited or short-circuited termi¬ 
nation of the transmission line the 
magnitude of p is always unity. 
For an arbitrary terminating im¬ 
pedance it is possible to evaluate 
the magnitude of the reflection 
factor, and hence the magnitude of 
the terminating impedance, by the 
following procedure: 

First, the transmission line to be 
used is terminated in a short-cir¬ 
cuit, corresponding to a reflection 
factor of amplitude unity, and the 
amplitude of the resultant beat 
note is adjusted to any convenient 
reference value, such as two inches 
peak-to-peak. Then the arbitrary 
terminating impedance is con¬ 
nected across the transmission line 
in place of the short-circuit and the 
peak-to-peak height of the resultant 
beat-note wave displayed on the os¬ 
cilloscope screen is measured. The 
ratio of the height at any particu¬ 
lar frequency to the two-inch refer¬ 
ence height is then the magnitude 
of the reflection factor at that fre¬ 
quency, The phase angle of the 
reflection factor may be obtained 
by comparing the phase of the beat- 
note wave at any particular fre¬ 
quency to the phase of the two-inch 
reference wave. With this infor¬ 
mation, the terminating impedance 
may then be calculated with the aid 
of the Smith Chart. 

From the above description it is 
apparent that a knowledge of the 
transmission-line attenuation is 
not essential to the operation of 
the instrument. However, exces¬ 
sive transmission line attenuation 
is to be avoided since there is a 
practical limit even in the most 
carefully manufactured delay cable 
or transmission line to the uni¬ 
formity of characteristic imped¬ 
ance with length. The minute 
irregularities in which exist 
cause small reflections to occur 
early in the line which may com- 



FIG. 4 ->T 7 pical Tleual pr«t«atatioii el re< 
Heeled energy on an oeeUloscope screen 


pletely mask the reflection due to 
the terminating impedance when 
the cable attenuation per unit 
length is high and the line length 
large. It is fortunate that for vhf 
applications, where the transmis¬ 
sion line attenuation is rather high, 
it is generally satisfactory to work 
with frequency resolutions of the 
order of about three megacycles. 

Transmission-line lengths of the 
order of 100 feet may then be em¬ 
ployed without excessive total atten¬ 
uation. For frequencies below the 
vhf range the transmission-line at¬ 
tenuation is conveniently low, so 
that longer lengths may be used 
to achieve the finer absolute fre¬ 
quency resolution which is usually 
desired here. A relative frequency 
resolution of from 2 percent to 5 
percent of the center frequency is 
satisfactory in most cases. The 
sum of the lengths of cable con¬ 
tained within the instrument pro¬ 
vides a minimum absolute fre¬ 
quency resolution of about one 
megacycle. For narrower resolu¬ 
tions than this, the addition of a 
suitable length of external trans¬ 
mission line is required. Similarly, 
if resolutions of less than about 2 
megacycles are desired in the upper 
portion of the vhf band it will 
probably be necessary to use a suit¬ 
able length of lower-loss transmis¬ 
sion line than that contained within 
the instrument. 

Operation With Balanced Circuits 

For measurement of balanced 
impedances two methods have 
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proved satisfactory. The first 
method involves the use of coaxial 
transmission line in conjunction 
with a suitable balanced-to-unbal- 
anced transformer to connect the 
impedance to be measured to the 
line. The second method makes 
use of an external length of bal¬ 
anced transmission line of the 
twin-lead type developed for use 
with present-day television and 
f-m receivers. This transmission 
line may be set up in the labora¬ 
tory by stringing a suitable length 


back and forth between pegs lo¬ 
cated on the walls in such positions 
that the sections of line thus 
formed are spaced two or three 
feet from each other. The balanced 
impedance to be measured may 
then be connected to one end of 
this line, while the other end of 
the line is connected to the coaxial 
output connector of the instru¬ 
ment. 

Teats have shown that this type 
of balanced transmission line ar¬ 
rangement then acts as its own 


balanced-to-unbalanced conversion 
system to a satisfactory degree. 
Futhermore, tests have also shown 
that transmission-line impedances 
of from 60 to 300 ohms may be 
used without encountering trouble 
from second-time reflected waves. 
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Calibrating Laboratory Standards 

Against WWV 


Frequency standards in laborato¬ 
ries can be simply and rapidly cali¬ 
brated against radio station WWV’.s 
short-wave broadcasts by using an 
oscilloscope as a watch with a sec¬ 
ond hand revolving 100 times a sec¬ 
ond. The technique reduces obser¬ 
vational errors. 

Propogotion Effects 

At great distances from WWV, 
signals are received by sky-wave 
reflections from the ionized layers. 
Variations in apparent elevation of 
these layers change the path length 
of the radio waves. Often these va¬ 
riations in path length are rapid so 
that the standard carrier or tone 
arrives at the receiver at a differ¬ 
ent frequency from the original. 
This Doppler effe^ introduces con¬ 
siderable error on short observa¬ 
tions made several thousand miles 
from the transmitter. For long du¬ 
ration obsei’Vations, average re¬ 
ceived frequency is identical to that 
transmitted. 

Because the standard frequency 
arrives at the receiver by several 
different paths, fading occurs, 
which at times causes the signal to 
disappear and reappear with large 
phase shifts. The phase shift is 
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very apparent when using an oscil¬ 
loscope to view the received wave. 
These fades and shifts make it ex¬ 
tremely difficult to observe sinusoi¬ 
dal waves for enough time to deter¬ 
mine average frequency and keep a 
particular reference crest or hollow 
of the received signal on oscillo- 
.scope screen. 

Attempts to use either carrier or 
modulation of WWV as reference 
for calibration of laboratory stand¬ 
ards in Pasadena, California, ap¬ 
proximately 2,500 miles from the 
source, gave unreliable results be¬ 
cause of the above difficulties. Dopp¬ 
ler frequency shifts of about one 
part in 10,000 were observed on all 
short waves and on the tone modula¬ 
tion frequencies. 

ObtervoHonol Method 

One possibility of minimizing ef¬ 
fects of fading and momentary fre¬ 
quency .shift is to divide the ticks 
transmitted for 0.006 sec every sec¬ 
ond by WWV to run a synchro¬ 
nous electric clock. This procedure 
requires extra equipment and ne¬ 
cessitates taking observations over 
a period of many days to obtain 
suitably high accuracy; it gives no 
information about short time errors 


in the laboratory standard, such as 
crystal oven temperature cycling or 
line voltage variations. 

A more satisfactory method is to 
feed the 100 cps signal from the lab¬ 
oratory standard, which usually has 
outputs of 10,000, 1,000 and 100 
cps in addition to the generated 
100,000 cps, to the vertical plates 
on an oscilloscope, and to the hori¬ 
zontal plates by way of a 90 deg 
phase shifting circuit (an 0.05 jxf 
capacitor in series with a 4,000 
ohm resistor) so as to produce a 
100 cps circle on the oscilloscope, 
comparable to a hand of a watch 
that makes 100 rps. In addition, 
audio output of a communications 
receiver tuned to WWV is applied 
to one set of deflection plates of the 
oscilloscope. One second tick from 
WWV then appears as a wave ex¬ 
tending half way around the circle 
and repeating itself every 100 revo¬ 
lutions. If the laboratory standard 
is precisely on frequency, the wave 
will appear stationary, however any 
drift will appear multiplied 100 
times, simplifying observation of 
errors. If the beginning of the tick 
is used as the reference point, and 
if the reference point drifts 36 
deg. in 100 sec., the laboratory 
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standard is in error one part in 100,- 
000. Shorter intervals can be used 
for observations and good accuracy 
obtained for checking oven cycling 
and line voltage variation effects 
on the laboratory standard. 

Accuracy of the one second tick 
from WWV for any one second is 
within 0.00001 sec. (one part in 
100,000). An observation 100 sec. 
long will reduce this error to one 
part in 10,000,000. The longer the 
observation, the smaller the error 
becomes in comparison with other 


fixed errors. Changes in radio path 
length affect arrival time of ticks 
in the same manner as they do the 
carrier. The variation introduces 
random movement of the tick wave 
around the 100 cps circle, usually 
within five degrees of arc. How¬ 
ever, the average point can readily 
be seen. Fading will often cause 
the tick wave to disappear in part 
or altogether, but it will reappear 
and the reference cycle can easily 
be Identified. 

It is wise precaution when mak¬ 


ing these measurements to make a 
rough check that one second ticks 
are not appearing every 99 or every 
101 revolutions of the oscilloscope 
trace. A Lissajou pattern using the 
tone modulation and the local 100 
cps will give a quick check. Best 
receiver tuning for viewing the tick 
is with the receiver exactly cen¬ 
tered on the carrier frequency, 
half way between tone modulation 
sidebands. This tuning can easily 
be verified by oscilloscopic observa¬ 
tion as the receiver is tuned. 


Checking UHF Oscillator Stability 

Design of a simple mixer that permits heterodyning an uhf oscillator against a crystal- 
controlled multiplier. The difference frequency is fed to a conventional receiver to 

observe frequency shift 


F or comparing oscillator fre¬ 
quencies by the heterodyne 
method, the simple circuit shown 
in Fig. 1 has been used with excel¬ 
lent results. The device is used 
with an ordinary all-wave radio, 
or better, with a communications 
receiver which responds to the dif¬ 
ference frequency of the two oscil¬ 
lators. . Audible response is ob¬ 
tained by heterodyning the inter¬ 
mediate frequency of the receiver 
to a suitable audio frequency, as in 
c-w telegraph reception, or by mod¬ 
ulating one of the oscillators. 

The antenna post of the receiver 
is connected through a capacitor to 
the plate circuit of the mixer 
shown in the diagram. The mixer 
antenna is a suitable length of 
heavy wire, ordinarily about three 
feet. 

Optimum values of external grid 
bias for the mixer range from 2 or 
8 volts with 100 volts on the plate 
to zero at 45 volts on the plate. 
Since operation at the lower volt¬ 
age is often quite satisfactory, it 
has been found convenient in such 
cases to connect terminals 1 and 2 
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together and to use a 45-volt B 
battery. The plate current at this 
voltage is about one milliampere. 
Grid-leak bias might also be used 
at higher plate voltages by omit¬ 
ting the grid-return capacitor and 
adjusting the grid resistor. 

The oscillator whose frequency 
stability is to be observed is oper¬ 
ated in the same room with the 
mixer (which is connected to the 
receiver) and a crystal-controlled 
frequency multiplier that gives a 
very stable signal at about 112 me. 

The oscillator under test is ad¬ 
justed to a frequency such that the 
difference between it and the fre¬ 
quency of the crystal-controlled 
multiplier may be tuned in on the 
receiver. Thus, if the oscillator 
under test operates at a frequency 
of 100 me, and the receiver is capa¬ 
ble of detecting frequency varia¬ 
tions of 1 kc, frequency instability 
amounting to 1 part in 100,000 may 
be observed. For maximum sensi¬ 
tivity, the difference frequency 
should fall in the range of highest 
resolution of the receiver. For 
most receivers, this optimum value 


is in the lowest frequency band. 

Since the mixer is essentially 
untuned, it will respond to all the 
lower frequencies used in commun¬ 
ications. Nearby broadcasting 
stations may be heard at almost 
any setting on the receiver dial by 
operating an ordinary test oscilla¬ 
tor, adjusted to a suitable fre¬ 
quency, in the vicinity of the mixer. 



FIG. 1—^UntuiiAd miliar lor eomportiig tho 
Iroquonqr of cm ukl otcUlolor with that 
ol a cryttal-coatrollod mulUpUor. Tomlaolt 
1 and 2 may bo connoctod togothor If a 
plolo potonttol of 45 volts Is usod 
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VHF Transmitter Power Measurements 


Increasing use of the vhf spec¬ 
trum has resulted in the need for 
an accurate and convenient method 
of measuring r-f power at fre¬ 
quencies ranging from 100 to 500 
me and powers ranging up to 100 
watts. 

Line of sight limitations, low 
weight requirements, the use of di¬ 
rective antennas and the need of 
portability has lead to a figure of 
the order of 50 watts maximum 
continuous power output for trans¬ 
mitters designed for vhf use. Pulse 
power of the order of kilowatts 
may be conveniently measured if 
the pulse rate is made low for out¬ 
put power tests. 

Except when extreme portability 
is required, vhf transmitters are 
designed to work into coaxial ca¬ 
bles feeding dipole arrays, so that 
for maximum efficiency the antenna 
system should be purely resistive. 
If we terminate the transmission 
line in a purely resistive load the 
power output of the transmitter 
can be determined by a knowledge 
of the power dissipation in this re¬ 
sistor. Maximum convenience is 
obtained by having a power meas¬ 
uring device that does not require 
tuning. 


Retiifiv# Tmrmitwfion 

Two difficulties arise in the ter¬ 
mination of a transmission line 
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with a resistor; power dissipation 
in the resistor, and correct match¬ 
ing of the resistor to the transmis¬ 
sion line. The power dissipated in 
the resistor may be found from a 
measurement of temperature rise, 
voltage or current. Of the three, 
voltage measurement is the most 
convenient but the capacitive in¬ 
put of the voltmeter must then be 
compensated to obtain effective re¬ 
sistive termination of the transmis¬ 
sion line. 

For the termination, one type of 
resistor is of particular interest, a 
i-watt carbon resistor having brass 
endcaps and contained in a ceramic 
case. The length of the carbon mix 
between brass caps is 0.5 cm, the 
diameter 0.3 cm. 

Assuming a resistor of 50 ohms 
with these dimensions, the resis¬ 
tance per cm cube is seven ohms 
and the skin depth is 0.6 cm. The 
skin effect may thus be neglected as 
we can expect substantially uni¬ 
form current distribution. 

Knowing the current distribu¬ 
tion enables us to determine the 
inductive effect of the resistive rod, 
a value of 0.001 microhenry or an 
inductive reactance of 2.5 ohms at 
500 me. Thus the terminating im¬ 
pedance gives a standing wave 
ratio of 1.05 on the transmission 
line. Sufficiently accurate power 
measurements may be made when 
the standing wave ratio is less than 
1.1, a value rarely achieved even 
with the best antenna designs. 

The 9005 diode having a resonant 
frequency of 1.500 me and a voltage 
rating of 117 volts maximum makes 
a peak diode voltmeter for the 
measurement of voltage across the 
resistor. For the moment we are 
concerned with the input capaci¬ 
tance of this diode and. allowing 
for socket and stray capacitance, a 
value of one /i/tf may be assumed. 
The mismatch due to this capacitive 
reactance may be neutralist by a 
corresponding inductive reactance. 

The shunt capacitive reactance 


may be converted to an equivalent 
series reactance of three ohms at 
200 me for which the equivalent in¬ 
ductance is 0.002 microhenry. Dif¬ 
ficulties in making a completely 
noninductive connection to the 
transmission line are now avoided 
as we may leave a short length of 
the inner conductor equivalent to 
this value for making the connec¬ 
tion to the resistor. With RG-8/U 
50-ohm concentric cable, having a 
7/21 copper conductor, the length 
of conductor is approximately 0.5 
cm from the end of the cable to the 
resistor. 

With the relatively small values 
of correction used the slope of the 
inductive and capacitive reactance 
curves may be assumed to be con¬ 
stant so that the compensation will 
hold over a wide band of frequen¬ 
cies, certainly from 100 to 500 me. 
The correction is made in approxi¬ 
mately the middle of this band. 

Accuracy 

With a high resistance load, one 
megohm, and a small r-f bypass ca¬ 
pacitor of 100 ju/if, the meter read¬ 
ing will indicate peak voltage 
across the terminating resistor. Be¬ 
cause of electron transit time and 
internal diode resonance, the meter 
indication at 500 me will be a few 
percent low with correspondingly 
less error at lower frequencies. 
This error has been described as 
the premature cutoff error and is 
dependent on the characteristics 
and geometry of the tube. 

Diode resonance is caused by the 
series inductance of the tube leads 
resonating with the plate-to-cath- 
ode capacitance. Resonance checks 
are best made by a variable-fre¬ 
quency signal generator as un¬ 
avoidable external lead inductance 
will lower the resonant frequency 
of the diode. Resonance with the 
9005 may thus occur at 1,000 me. 
At 500 me. the meter indication 
may be 80 percent high, at 100 me 
the error will be one percent. A 
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calibration chart may be made cov¬ 
ering the band. 

CongrrucHon Detoit 

To aid heat dissipation in the 


resistor, the diode assembly may be 
placed on a copper plate to which 
the resistor is soldered using an 
ample supply of metal. This ensures 
good thermal and radio conductiv¬ 
ity. With an air blower supplying 
50 cu ft/min to the copper plate, 
the resistor may be operated at 
ten or twenty times its normal rat¬ 
ing in free air or much higher for 
short periods. 

Figure 1 shows the wiring ar¬ 
rangement of the diode power head. 
Use of a battery for heater power 
avoids long a-c supply leads. The 
meter may be any high-resistance 
d-c voltmeter, preferably with a 
multiplier switch. For peak pulse 
power measurements the voltmeter 
may be replaced by a calibrated os¬ 
cilloscope. 


If large resistors introduce error 
because of excessive inductive re¬ 
actance, the resistor may be sunk in 
a hole in the copper as shown in 
Fig. 2 to provide reversal of cur¬ 
rent in the restricted area. 



FIG. 2—^Mtthod oi reducing tb« 

iaductanc* ol a carbon rotlmtor 


Static tor Radio Receiver Tests 

A fluctuating audio signal from a gas tube is peaked, amplified, and applied to a spark coil 
that discharges at irregular intervals. The resulting r-f signal may be used to simulate click, 

thunderstorm, hiss or grinder static 


By J. C. 

G ood performance is based on 
good testing. In no field is this 
statement truer than it is in the de¬ 
sign of radio receivers. Receiver 
performance has improved at a 
pace set by the development of test¬ 
ing methods and equipment. 

One big gap in radio testing pro¬ 
cedures became evident during the 
war. There were no established 
methods of imitating atmospheric 
static in the laboratory. This paper 
describes methods which were de¬ 
veloped to fill in the gap. It pre¬ 
sents a simple quantitative me^od 
of specifying the characteristics of 
static which are important for n- 
ceiver design, and it describes ap¬ 
paratus which simulates the various 
types of static.* 

hsmi-ts wita ta* o. i. Marr 
OMw tt Msval R isis rra . 


R. LIGKLIDER and E. B. 

The intense static from local 
thunderstorms, and probably most 
other types of atmospheric static, 
arises from very brief electrical or 
electro - magnetic disturbances. 
These disturbances are transients 
of extremely short duration. They 
often occur in bursts, trains, or 
crashes. Their times of occurrence 
are highly irregular, if not com¬ 
pletely random. They are irregular 
also in amplitude. Each pulse scat¬ 
ters energy continuously through a 
wide band of the radio-frequency 
spectrum. 

The atmospherics encountered at 
any given station depend not only 
on local conditions but also upon 
conditions in remote regions, espe¬ 
cially upon propagation between 
these regions and the receiving sta¬ 
tion. For this reason the character¬ 
istics of atmospheric static are by 
no means simple. They vary from 
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one geographical location to an¬ 
other and from one frequency band 
to another. They vary with the time 
of day, from day to day, and from 
season to season. 

Measurements of intensity alone 
fail to indicate just what static is. 
Equivalent microvolts do not tell 
what a burst of static will do to a 
sensitive radio receiver. 

Sfstle PsMlty 

It is most useful for the present 
purpose to think of atmospheric 
static as a series of transient im¬ 
pulses which set resonant circuits 
into oscillation. The important char¬ 
acteristics of the impulses are, first, 
their intensity, and, second, their 
spacing or distribution in time. If 
the impulses follow one another 
closely, we speak of dense static; if 
they occur so infrequently that the 
after-effects of one impulse are gone 
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no. 1—^Random boIm (A) is put through 
o circuit which possos oaly aoiso pooks 
(B). Tho pooks or# oaipliliod ood oetl- 
TOto a spark gap. Oao pulso ol tho 
rssultoBt r-l sfotic hos. whoa ohsorrod 
OB a vidoo os ei lloscopo. tho woroiarm 
showB ot (C). Tho oudio static output 
of o rocolTor nador tost (D) rosults froui 
o sorloo of pulsos 

before the next impulse comes 
along, we speak of sparse static. 
The significance of static density in 
determining its interference value 
has not always been well under¬ 
stood, and contradictions have re¬ 
sulted from failure to specify the 
density of the static under discus¬ 
sion. 

Static density may be designated 
conveniently in terms of a notation 
borrowed from radar: pulse r^ti- 
tion frequency. Although the num¬ 
ber of pulses per second may vary 
within quite wide limits, it is pos¬ 
sible to think of a particular sample 
of static as having an average prf. 
For various sampjes, the average 
prf may range from near zero to 
exceedingly high values. When the 
prf is low and the pulses are widely 
spaced, the intermittent character 
of static is emphasized. On the 
other hand, when the prf is high 
and the pulses are closely spaced, 
static takes on the character of 
fluctuation noise (recently called 
white noise). 

The static density determines the 


way in which we must look at re¬ 
ceiver performance. When it is 
dense and is observed through a 
narrow-band receiver, the individ¬ 
ual pulses are broadened by pas¬ 
sage through the narrow-band cir¬ 
cuit and pile up on each other’s 
heels. Dense static gives rise, there¬ 
fore, to an irregularly fluctuating 
wave instead of an irregular se¬ 
quence of spikes. With dense static, 
consequently, receiver performance 
can be predicted fairly accurately 
by assuming that we have an r-f 
carrier modulated by a continuous 
spectrum of noise. Sparse static, 
on the other hand, brings into play 
the time constant of each of the cir¬ 
cuits in the receiver. The ring time 
of resonant circuits, the time con¬ 
stants of squelch circuits, avc cir¬ 
cuits, and noise limiters, the regu¬ 
lation of the power supply, are all 
interrelated in the transient re¬ 
sponse of the receiver. 

For most tests of radio receivers. 


the shape of the static spectrum is 
quite unimportant. The passband is 
always narrow relative to the over¬ 
all frequency range covered by the 
static, and within the passband the 
average distribution of static en¬ 
ergy is essentially uniform. It is 
ordinarily not necessary, therefore, 
in simulating static for receiver 
tests, to match the spectrum of 
natural atmospherics. 

SfoRdards for MoatHriRg Static 

The following procedure has been 
adopted as a standard method of 
specifying atmospheric static. If 
the static is relatively homogeneous, 
it is expressed in terms of two meas¬ 
ures: (1) the intensity in a band 
10 kilocycles wide, centered at the 
frequency to which the receiver is 
tuned, and (2) the average prf. 
The first quantity is usually calcu¬ 
lated from measurements made with 
a receiver of known selectivity. The 
second quantity is determined with 


SPARK COIL 



FIG. 2—Block diagram ol tho static gooorator 
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the aid of a pulse-counting meter 
and a wide-band receiver. 

The relation between designa¬ 
tions based on this method of spec¬ 
ification and the nomenclature 
which has been used widely in pre¬ 
vious discussions of atmospheric in¬ 
terference is fairly direct. The cor¬ 
respondence is approximately as 
follows: click static —weak, very 
low prf; lightning and local thun¬ 
derstorm static —intense, low or me¬ 
dium prf; hiss static—weak, very 
high prf. 

To describe the static frequently 
referred to as grinders, a third 
characteristic of natural static must 
be taken into account. Grinders are 
essentially bursts of pulses. In 
specifying the characteristics of 
grinders, the measures of intensity 
and density can be either short-time 
averages within bursts or long-time 
average's including a number of 
bursts. In either instance, it is 
necessary to describe the static in 
terms, for example, of the per¬ 
centage of the time occupied by 
bursts and their average frequency 
of recurrence. 

Simelotloa of Local Stofie 

The method used in simulating 
local thunderstorm static and click 
static is illustrated schematically 
in Fig. 1. A block diagram of the 
apparatus is shown in Fig. 2, and 
the circuits of the audio noise gen¬ 
erator and the peak-pass amplifier 
are shown in Fig, 3. 

As indicated (Fig. 1) the first 
step involves the production of a 
fluctuating audio-frequency wave 


(A) provided by a gas-tube noise 
generator. This wave is fed into a 
peak-pass amplifier, which gives it 
the form shown at (B), and then is 
applied to the primary of a spark 
coil. The secondary of the spark 
coil is connected through a small 
series resistance to a spark gap. 
When the voltage developed across 
the gap by the secondary reaches 
the breakdown value, there is a 
very brief surge of current through 
the gap and through the resistor. 
The voltage thus developed across 
the resistor is a series of very short 
pulses (C) which occur at irregular 
intervals and which vary irregu¬ 
larly in amplitude. 

The irregularity in time and in 
amplitude is derived from a ran¬ 
dom noise wave containing only 
audio - frequency components, 
whereas the sharpness of the out¬ 
put pulses (which accounts for the 
fact that the spectrum extends high 
into the radio-frequency range) is 
due primarily to the suddenness 
with which the resistance of the 
spark gap breaks down when the 
critical voltage is exceeded. 

The intensity of the simulated 
static is adjusted by means of a 
video attenuator of conventional 
design, and the intensity level per 
cycle (or per 10-kilocycle band) is 
determined with the aid of a re¬ 
ceiver of known selectivity, by 
measuring the equivalent noise side¬ 
band input and correcting for band¬ 
width. The density of the simulated 
static is controlled by adjusting the 
gain of the peak-pass amplifier. 
When the gain is increased, more 


of the peaks of the voltage wave 
from the gas-tube generator are 
passed, and more output pulses are 
produced. 

The average prf is indicated by a 
pulse-counting circuit connected to 
the output of a wide-band monitor 
receiver. With very low prf, the in¬ 
terference consists of a succession 
of randomly spaced clicks. With 
prf's between 20 and 2,000 pulses 
per second, the interference sounds 
like typical thunderstorm static. 

Slmiilofloii of Ofhor Typos 

To provide simulated static of the 
grinders type, it is necessary only 
to introduce slow, random, ampli¬ 
tude modulation of the audio noise 
delivered to the peak-pass amplifier. 
This is done by applying an irregu¬ 
larly fluctuating wave to the No. 1 
grids of the 6L7 amplifiers (Fig. 
3). With this arrangement, the 
equipment under test may be sub¬ 
jected to irregular bursts of static 
pulses very similar to natural 
grinders. These irregular bursts 
are useful in showing up irregulari¬ 
ties of performance due to unstable 
avc circuits. 

Hiss static can be simulated with 
the spark-gap generator by apply¬ 
ing high-prf excitation and thus 
forcing almost continuous dis¬ 
charge, but under these conditions 
the output is not stable. For hiss 
static, therefore, it is better to take 
advantage of the fact that when 
viewed through circuits of limited 
bandwidth irregularly spaced pulses 
at very high prf resemble fluctua¬ 
tion noise. Methods of generating 
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wide>band fluctuation noise with the 
aid of gas-filled tubes were devel¬ 
oped during the war in connection 
with radar jamming/ 

Uto la Rocoivor Totft 

The simulated static has been 
used extensively in laboratory tests 
designed to evaluate the perform¬ 
ance of radio receivers and of noise- 
reducing circuits. In most of the 
work, articulation tests have been 


used to measure the intelligibility 
of speech transmitted over a radio 
link of which the receiver or the 
noise-reducing circuit comprised a 
part. 

By way of illustration, a typical 
test setup is shown in Fig. 4, and 
the results of a typical test are pre¬ 
sented in Fig. 5. The receiver under 
test was equipped with a Wasmans* 
dorff series-diode audio noise 
limiter which could be switched on 


or off.“ The aim of the test was to 
measure the effectiveness of the 
limiter in overcoming the effects of 
impulsive static with an average 
prf of 1,000 pulses per second. Two 
talkers alternately read standard¬ 
ized lists of words (the Psycho- 
Acoustic Laboratory PB Lists) 
over the test circuit to a group of 
experienced listeners who recorded 
the words as they heard them. Tests 
were conducted with various r-f 
carrier-to-interference ratios, half 
of the tests with the limiter op¬ 
erating and half with the limiter 
disconnected. 

As shown, the listeners were able 
to understand many more of the 
words when the limiter was used; 
the advantage provided by the lim¬ 
iter was approximately equal to 
that which would have resulted 
from a 10-db increase in carrier 
power. 
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Noise Generator for Receiver Measurements 


Diode noise generator permits simplified procedure in the measurement of noise figures 
and receiver input resistance. The receiver bandwidth need not he known and measure* 
ment is independent of the response curve of the receiver 


T WO significant sources of 
noise are associated with a 
radio receiver. Oiih is made up of 
all of thoae within the receiver 
itself, such as shot effect and parti¬ 
tion noise. The other source is the 
thermal agitation (Johnson) noise 
supplied by the resistive component 
of the antenna impedance. The 
noise figure^* of a receiver is de¬ 
fined as the ratio of the sum of 
these two to the second, or, 
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where P, is the equivalent noise 
power output of the receiver re¬ 
ferred back to its input terminals 
(that part in excess of thermal 
noise), and P. is the thermal noise 
supplied to the receiver by the 
antenna. A perfect receiver would 
have Pt equal to zero, and the noise 
figure would be unity. This defini¬ 
tion is not very explanatory; the 
reader should see the first two 
references for a full discusaion of 
the subject 

It is easy to calculate Pw but P, 


is difficult to determine directly. 
However, the sum P, P. may be 
determined by a simple expedient 
The noise power output of the 
receiver is measured when a re¬ 
sistance R„ which is substituted 
for the antenna, is connected across 
the antenna terminals. Next a 
temperature-limited diode is con¬ 
nected as shown in Fig. 1 and the 
direct diode current I is adjusted 
by varying the filament tempera¬ 
ture to such a value that the noise 
power from the diode doubles the 
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TEMPERATURE 

limited diode 



nc. 1—Boiic circuit lor meaiuromont 
of nolM liguro with o noiso diodo 


power output of the receiver. 

Under these conditions, Pdiod. ~ 
Pr and 

F - (/% + Pa)/ Pa » P6^od./Pa ( 2 ) 

It is now necessary to evaluate 
and P.. The rms fluctuation 
current from a temperature-limited 
diode is* 

i» * 3 18 X 1()-‘7B (3) 

where i is the rms fluctuation cur¬ 
rent in amperes, I is the direct 
diode current in amperes, and B 
is the bandwidth in cycles per 
second. If the input resistance of 
the receiver is R, the diode sees a 
load resistance P.P/P.+P, and 
the diode delivers to the receiver a 
power 

Pdiod. - i« X ur‘7S 

(RaR/Ha + /?)’ \/R ( 4 ) 

A resistance will develop a 
thermal-agitation voltage across 
i t s open-circuited terminals 

- AKTR.B, where K is Boltz¬ 
mann’s constant, 1.374 x 10“ 
joules per degree Kelvin, T is the 
absolute temperature of the re¬ 
sistor in degrees Kelvin, and B is 
bandwidth in cycles per second. It 
is assumed that Ra is constant over 
this frequency band. 

The resistor will deliver a power 
to the receiver 


p ^ 4KTRaB / R \ 

ie. /e V 12 . + / ( 6 ) 

Substituting Eq. 4 and 6 in Eq. 2, 


F 


g.790 


(6) 


For a temperature T 289 degrees 
Kelvin, 19 C, 

F =* 20 IRa 

Since the bandwidths cancel, 
noise figure measurements made in 
this manner are independent of the 
response curve of the receiver. 
Since quantity P, the input resist¬ 
ance of the receiver, does not ap¬ 
pear, the measurements are not in 
error because of the mismatch be¬ 
tween Ra and P, and the effects of 
such mismatch on noise figure can 
be studied. 

The factor P. in the expression 
requires some attention. A temper¬ 
ature-limited diode should, at first 
glance, appear to have an infinite 
a-c plate resistance. However, the 
work-function of the filament sur¬ 
face depends on the anode voltage*. 
The result is that emission in¬ 
creases with increased anode volt¬ 
age, and the a-c plate resistance be¬ 
comes finite. When high values 
of Ra are used, the plate resistance 
must be considered in parallel 
with it. 

Resistance P must have the de¬ 
sired value, and must remain con¬ 
stant over the frequency range 
used. At the higher frequencies, 
the use of film-type resistors is de¬ 
sirable.* It has been found by 
slotted-line measurements that Al- 
len-Bradley fixed resistors and 
Type J potentiometers of 1,000 
ohms or less resistance are suitable 
at least as high as 400 megacycles. 

Um of Diodo Gonorofor 

It was stated that measurements 
are made by noting the diode cur¬ 
rent necessary to double the output 
of the receiver. Thus, the use of an 
output meter is indicated. How¬ 
ever, calibration is usually neces¬ 
sary because of the nonlinearity of 
the detector. If a signal generator 
is available, it can be used. If not, 
the diode generator itself will serve 
the purpose. 

The noise diode and P. are con¬ 
nected to the receiver, and the diode 
itself is turned off. The r-f gain 
control of the receiver is turned 
down until the output meter nearly 
indicates zero. Under this condition 
the gain is so low that the noise 


obtain sufficient input to the re¬ 
ceiver for this calibration. 

The input resistance P of a re¬ 
ceiver can be measured by a method 
given by A. van der Ziel.’ A some¬ 
what simplified version of his 
method follows. 

The noise diode is connected to 
the receiver input terminals, with 
the diode inoperative, and with 
P, = CO. The receiver gain is de¬ 
creased until the output indicator 
drops nearly to zero. The diode fila¬ 
ment temperature is increased un¬ 
til a current 7 is obtained, and the 
output reading is noted. With ref¬ 
erence to Eq. 3, the input power to 
the receiver is given by 

F » 3 18 X 

Next, a finite value of P, is used, 
and the diode current I is adjusted 
for the same output reading as 
before. It will be necessary to use 
a higher value of /, /t» because part 
of the diode power output is ab¬ 
sorbed by P.. The power input to 
the receiver is given by Eq. 3, and 
is the same as that obtained with 
/a when P, = 00 . Equating the 
powers, 

3 IS X - 3.18 X 10-‘7ag 


Solving for R, 

The procedure can be simplified 
if /, = 47,. Then P = P.. In mak¬ 
ing the measurement in this man¬ 
ner, an output reading is obtained 
for a diode current 7. The diode 
current is then increased to 47, and 
Ra is decreased to give the same 
output reading. Detector calibra¬ 
tion is unnecessary for this test. 

Noise Generator Design 

In the noise generator circuit of 
Fig. 2 a type 708A triode is used 
as a diode, the control grid being 
used as the anode. The plate is not 
connected. The 708A was chosen 
because it has high grid-dissipa¬ 
tion capabilities, low grid-filament 
capacity, and a thoriated tungsten 
filament whose temperature re¬ 
sponds rapidly to changes in ap¬ 
plied voltage. 

Filament voltage is controlled by 


J 
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FIG. 2—Schemotic diagram ol ih» diode noise generator. The receiver connects FIG. 3—^Plote resistance versus plate 

to points A-A normally, to B B il d-c isolation is regulred current for the 708A tube 


a rheostat Br which is used to set 
the diode current I to the desired 
value. In practice it may be nec¬ 
essary to measure noise figures as 
high as 50 with values of Ba as low 
as 50 ohms. This requires direct 
diode currents as high as 50 milli- 
amperes. The meter was provided 
with shunts for full-scale currents 
of 50, 5, and 0.5 milliamperes. 

The tube is mounted on an insu¬ 
lated panel with terminals for B 
and for connection to the receiver. 
Every effort has been made to keep 
the output capacitance as low as 
possible — 10a}Af in this case. At 


The input resistance was meas¬ 
ured by two independent means to 
provide a check on theory. The 
noise diode gave a value of 200 
ohms; 220 ohms was obtained by 
substitution with a signal genera¬ 
tor. 

The 6J4 preamplifier shown in 
Fig. 4B gave a minimum noise fig¬ 
ure of about 2. This is not quite as 
good as the 6J6, but the circuit has 
the important advantages that the 
tuning of the input circuit is not 
critical and neutralization is not 
required. 

Input resistances of 140 ohms 


and 130 ohms were obtained with 
the diode and signal generator re¬ 
frequencies where the reactance of 
this capacitance becomes compar¬ 
able to B, it is necessary to tune it 
out by means of a coil or, at very 
high frequencies, a Lecher wire 
system. 

Figure 3 is a plot of B^ versus 

for the 708A. It can be seen that 
B^ will be much higher than B^ 
under almost all circumstances. 

Results 

The choice of a diode for this 
use is a difficult one because almost 
all small diodes made in this coun¬ 
try have oxide cathodes and are 
not suitable. It is to be hoped that 
a tube designed specifically for this 
application will be manufactured. 
A small diode constructed from the 
plate and filament of a 316A door¬ 
knob tube and mounted in a tubu¬ 
lar envelope for probe use should 
be ideal for measurements, at least 
up to the vhf range. 

The results of some measure¬ 
ments made with the diode noise 
generator are shown in Fig. 4A and 
4B. The two amplifier circuits 
shown were used as preamplifiers 
for a Super-Pro receiver. The push- 
pull neutralized 6J6 gave the lowest 
noise figure; a ratio of about 1.2. 
This value is doubtful to about 
±0.2 because of the external noise 
pickup. The minimum noise figure 
was obtained with a value of less 
than the input resistance B; 150 
ohms as compared with 200 ohms. 




FIG. 4—FfganpUilar dreolls ond Beaswramaaft 
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spectively. The measurements were 
made at 20 megacycles. 

The assistance of Arthur H. Ben¬ 
ner in the construction and meas¬ 
urements is gratefully acknowl¬ 
edged. 


AN AUDIO NOISE METER designed for 
use in quantitative teat of noise 
components in aircraft radio equip¬ 
ment is shown in the diagram. The 



Two attenuator circuits that may be used 
at the input circuit of the audio noise meter. 
Phones permit monitoring oi the signol 


instruiiient consists of a vacuum- 
tube voltmeter that is connected to 
the regular receiver in the plane. 
This eliminates switching problems 
and permits the measurements to 
be made from points where inter¬ 
ference is being generated, remote 
from the receiver. The meter is de¬ 
scribed in a paper by Fred Foulon 
on the subject of radio noise elimi¬ 
nation in all-metal aircraft, and 
was presented at the AIEE na¬ 
tional technical meeting at Salt 
Lake City in September, 1948. 

The instrument indicates the 
quasipeak value of the noise signal 
rather than the rms value since 
only the nuisance value of the noise 
signal present in the audio output 
of the receiver is of interest. The 
proper response is accomplished by 
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Noise Meter 


the use of a resistance-capacitance 
network that requires a 10-milli¬ 
second charge time and a 600- 
millisecond discharge time in ac¬ 
cordance with the standard time 
constant for noise-measuring in¬ 
struments. 

To prevent a false reading by a 
signal from a radio station that 
may be inadvertently tuned in, the 
audio signal is monitored at the in¬ 
put of the noise meter by head¬ 
phones inserted in the jack pro¬ 
vided. This is also of value in 
identifying the source of radio 
noise since certain units of noise- 
producing equipment in aircraft 
cause a characteristic audio signal 
in the receiver. 

A starting point in the measure¬ 
ment of radio noise is the evalua¬ 
tion of the background level of the 
receiver with all noise sources in¬ 
operative, the receiver antenna lead 
disconnected, and the antenna 
terminal grounded to the receiver 
chassis through a capacitor whose 
value equals that of the antenna. 
The background level is then deter¬ 
mined throughout the frequency 
range of the receiver. The relative 
noise output of the various electri¬ 
cal devices in the plane may be 
measured and steps taken to reduce 
the coupling paths to the receiver. 

For measurement of ignition 
noise reaching the receiver via the 
antenna, the background level is 
measured with the antenna and 
lead-in connected normally. In this 
case it must be remembered that 
the atmospheric noise level is the 
limiting background level. If noise 
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from equipment inside the plane is 
reduced to the atmospheric noise 
level in one location, it may be 
above the atmospheric noise level 
in another location. 

The circuit includes a filter to 
limit the frequency response of the 
instrument to the audio range 
necessary for intelligible transmis¬ 
sion of speech. The meter is cali¬ 
brated in db using a 0-db reference 



Circuit ol Tocuum-tube Yoltmeter that con¬ 
nects to the plane's receiver and allows 
noise meosurements ot remote points 


level of one milliwatt in 600 ohms. 
An input attenuator circuit is 
shown that extends the fullscale 
range of the meter in steps of 4 db. 
An alternative attenuator circuit is 
also given that provides steps of 10 
db. High sensitivity is used to in¬ 
dicate the background level of the 
receiver used in conjunction with 
the meter, since this is one factor 
of the basis on which quantitative 
audio noise measurements are 
made. 
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Oscilloscope for Pulse Studies 

The wideband instrument described incorporates 
a triggered sweep, time delay of the signal to per¬ 
mit the triggered sweep to get under way, beam 
blanking during stand-by, and time-interval mark¬ 
ing of the trace by beam-intensity modulation 

By BORAGE ATWOOD. JR. till ROBERT P. OWER 


T here is an increasing interest 
in electronic circuits which 
generate, shape or otherwise make 
use of sharp voltage and current 
pulses. The exact form of these 
pulses is of great interest to the in¬ 
vestigator, but observation of them 
is often difficult or impossible with 
previously developed commercial 
cathode-ray oscilloscopes. Such in¬ 
struments are generally not cap¬ 
able of reproducing, distinctly and 
without distortion, pulses having 
extremely steep fronts and of low 
and irregular repetition rate. 

It was therefore decided to de¬ 
velop a portable cathode-ray oscil¬ 
loscope which would not only be 
suitable for conventional applica¬ 
tions, but would also be particu¬ 
larly effective for the observation 
and measurement of pulse wave¬ 
forms. 

As is always the case with a new 
instrument, many problems arose 
and were solved in the process of 
design and development. Too often 
ideal performance of one circuit can 
be obtained only by limiting the op¬ 
eration of another equally impor¬ 
tant circuit. For example, the re¬ 
quirements of high gain and wide 
bandwidth in amplifiers are always 
incompatible. Perhaps the most dif¬ 
ficult problem facing the design 
engineer is the reconciliation of 
such conflicting circuit require¬ 
ments. Satisfactory compromises 
can be reached only through care¬ 
ful consideration of the entire field 
of application of the instrument. 

Figure 1 shows the functional 
layout of the oscilloscope in block 
diagram form. The horizontal de¬ 
flection, vertical deflection, and 


beam modulation circuits are desig¬ 
nated here, as they are on the front 
panel of the instrument, by the co¬ 
ordinate symbols X, Y, and Z. This 
nomenclature emphasizes the func¬ 
tion of the cathode-ray oscilloscope 
as an extremely versatile curve- 
tracer, working in effect in three 
dimensions. 

Except for the input cathode- 
followers, all vertical and hori¬ 


zontal amplifier stages are mounted 
on a heavy vertical phenolic panel. 
This construction minimizes stray 
capacitance to ground and saves 
space, since bulky insulated ter¬ 
minals and lugs are unnecessary. 
Conventional mounting strips are 
used underneath the metal horizon¬ 
tal chassis to support less critical 
components. 

The cathode-ray tube selected 


vEstmi. 

tLATlS 



mmrt 


... 


{ 

n 1 PNASS 

L-J 

SYNC. L, 


^^SELSCTOS 


AMPLIPICSr 











..Vy 






ATTEN- 

UATDS 

\ > ^' V ‘-'f 









suLse 
s stiesaToa | 





no. 1— aieek dkKrfn ol the iwclllesosiis. slMwfaif the tsvetol ways la 
wldek Ih# tlsaals oad sweeps eoa be 





MEASUREMENTS 


395 


was the Type 5JP- which has a 
five-inch diameter screen and is 
available with either short, long, or 
medium persistence characteristics. 
To improve the utility for high-fre¬ 
quency applications, the deflection 
plate connections are brought out 
directly to terminals on the neck of 
the tube, minimizing capacitance 
and cross-coupling effects. An in- 
tensifler electrode allows high over¬ 
all accelerating potentials without 
excessive beam deflection factors. 

A double-primary transformer 
and high-voltage rectifiers normally 
supply a negative 2000 volts for the 
cathode and a positive 2000 volts 
for the intensifier, the second anode 
and deflection plates being near 
ground potential. When high de¬ 
flection sensitivity is of greater im¬ 
portance than image brilliance, the 
second half of the power trans¬ 
former primary can be switched in 
series with the first half. This 
change in connections reduces volt¬ 
ages by one-half, thus approxi¬ 
mately doubling the deflection 
sensitivity. 

If the waveform to be investi¬ 
gated has a peak to peak amplitude 
of from 20 to 300 volts, it can be 
satisfactorily observed by feeding 
it directly to the deflection plates of 
the cathode-ray tube. There are 
terminals on the front panel for 
this purpose, and coupling capaci¬ 
tors in the deflection-plate leads al¬ 
low the beam positioning controls 
to function without interference 
from applied d-c potentials. These 
coupling circuits introduce no dis¬ 
tortion above ten cycles per sec¬ 
ond, and the upper limit of useful¬ 
ness for the tube when used in this 
way is several hundred megacycles. 

Ordinarily, the signal must be 
amplifled before reaching the cath¬ 
ode-ray tube. Ampliflcation is ad¬ 
visable if the input is single-ended, 
even though the original signal is 
of considerable amplitude, so that 
balanced signals may be applied to 
the deflection plates. Of course, 
amplifiers are of value only within 
their frequency response range. 
The Y-axis amplifier of this instru¬ 
ment is useful for sinusoidal sig¬ 
nals between five cps and 10 Me. 

Input can be effected through a 


test probe and five feet of coaxial 
cable, or to a terminal on the front 
panel. There is a twenty-to-one at¬ 
tenuation ratio in the probe as a 
result of a necessary compromise 
between probe input capacitance 
and cable length. Input impedance 
of the probe is five megohms in 
parallel with 10 fipl. A 0.01 /if, 
1000 volt capacitor prevents d-c 
loading of the circuit under obser¬ 
vation. Insulated clips permit safe 
use on peak voltages up to the rat¬ 
ing of the input capacitor. 

Immediately following the input 
terminal and probe socket is an 
isolating capacitor and a three-po¬ 
sition RC attenuator having ratios 
of 1:1, 10:1, and 100:1. This at¬ 
tenuator, as well as the one in the 
test probe, is compensated for high 
frequencies and introduces negligi¬ 
ble distortion within the frequency 
range of the amplifier. 

A continuously variable attenu¬ 
ator is necessary in an instrument 
of this type, but here compensation 
is impossible because the resis¬ 
tances are not fixed. Sources of 
distortion and methods of compen¬ 
sation are discussed later. Stray 
capacitances must be rendered inef¬ 
fective by a relatively low-resis¬ 
tance potentiometer (1000 ohms). 

The problem of matching this 
power from the receiver and from 
R, can be neglected, and the output 
power of the receiver will then be 
directly proportional to /. 

The diode current I is then in¬ 
creased until some convenient out¬ 
put reading—say one volt—is ob¬ 
tained. The diode current I is then 
doubled, and the output reading is 
noted. If the detector is linear, the 
reading will be 1.41 volts. If not, 
it will probably be higher—perhaps 
1.5 or 1.6 volts. The increase from 
1 volt to the higher value does indi¬ 
cate a true doubling of the input 
power. 

If the receiver has an a-f or video 
gain control, its setting must not be 
changed after this calibration is 
made, since it is necessary that the 
detector operate over the same part 
of its characteristic. It may be nec¬ 
essary to use a high value of JR. to 
low-impedance control to the high- 
impedance stepped attenuator is 
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FIG. 2—Cothod*-follow*r circuit acic 
oi on impcdancu tronslonner butwuun 
thu hi«h-impudance ducodu ottunuotor 
and thu low-impudonce continuously 
▼orioblo ottonuotor 



FIG. 3 —A 30-cps squoro woro. os ro* 
producod by tho vortical oxls ampUflor 


solved very conveniently by the in¬ 
sertion of a cathode follower, shown 
in Fig. 2, as an impedance trans¬ 
former, with the additional ad¬ 
vantages of extremely low input ca¬ 
pacitance and the ability to handle 
large signals. To take full advan¬ 
tage of the three-position decade- 
attenuator, the gain control is lim¬ 
ited to a maximum attenuation of 
ten to one. This feature also pre¬ 
vents overloading of the input stage 
by strong signals, as long as the 
resulting deflection on the cathode- 
ray tube screen is less than three 
inches peak to peak. 

Vertical AmpIMer 

Immediately following the vari¬ 
able attenuator are two amplify¬ 
ing stages, the first employing a 
6AC7 pentode, the second, a 6AG7. 
Both plate circuits include compen¬ 
sating filters for low frequencies 
which, with slight individual ad¬ 
justment to take care of component 
variations, make it possible for the 
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amplifier as a whole to pass a 30> 
cycle square wave with only the 
sligrht distortion shown in Fig. 3. 
High frequency compensation is also 
provided, shunt peaking being used 
with the 1000-ohm plate load of the 
Type 6AC7 stage and series peak¬ 
ing with the 1300-ohm load resis¬ 
tor of the Type 6AG7. A type of 
compensation allowing a larger 
plate load for the desired frequency 
range is used in the latter stage in 
order that the maximum possible 
output can be obtained from the de¬ 
flection amplifier which it drives. 
Transient response is equal to that 
of the shunt peaked stage. 

The deflection amplifier consists 
of two 807% cathode-coupled to 
give a balanced output. Because of 
low output capacitance it was found 
possible to use 1500-ohm plate loads 
and shunt peaking without reduc¬ 
ing frequency response below that 
of previous stages. The last two 
stages of the vertical amplifier are 
shown in Fig. 4. Over three inches 
of undistorted deletion is avail¬ 
able with 4000 volts accelerating 
potential on the cathode-ray tube. 

Response of the Y-axis amplifier 
is down less than ten percent at 
five Me, and is ten percent of the 
mid-frequency gain at ten Me. 
Compensation is adjusted to give 
faithful reproduction of high fre¬ 
quency pulses without overshoot or 
oscillation. The oscilloscope input 
deflection factor is approximately 
0.07 volts rms per inch of peak to 


peak deflection, with the higher ac- 
celerating potential. 

High gain is not required in the 
X-axis or horizontal amplifier, so a 
cathode follower and gain control 
driving a balanced deflection am¬ 
plifier similar to that of the Y-axis 
is all that is necessary. Response 
is down about 25 percent at two Me, 
and the deflection factor is 2.5 volts 
rms per inch. 

Signal Timn-Daloy 

When using a driven or start- 
stop type of sweep, it is often neces¬ 
sary to trigger the time-base by 
means of the signal which is to be 
observed. Although sweep circuits 
such as the one used in this oscil¬ 
loscope get under way in a small 
fraction of a microsecond, part of 
the wavefront is obliterated as 
shown in Fig. 5(a) unless there is 
a short time-interval before the 
signal appears at the vertical de¬ 
flection plates. 

A delay of about one-half micro¬ 
second can be obtained by switch¬ 
ing in a delay network ahead of the 
variable attenuator. This network 
of the low-pass filter type has a 
characteristic impedance of 200 
ohms to match the output of the 
cathode-follower, and a cutoff fre¬ 
quency of twelve megacycles in or¬ 
der that it will be essentially dis¬ 
tortionless up to approximately six 
megacycles. With the signal de¬ 
layed by this network, the trace is 
as shown in Fig. 6(b). 


Time Sates 

Two linear time-bases are pro¬ 
vided. One, providing the usual 
continuous sweep, is shown in Fig. 
6, and is a modified form of the 
high-vacuum circuit first described 
by Puckle. It has a range of 16 cps 
to 160 kc when running free and is 
exceptional in its ability to syn¬ 
chronize steadily at high signal-to- 
sweep frequency-ratios. Stable op¬ 
eration with more than 100 cycles 
of the signal on the screen can be 
obtained at medium frequencies. 
Operating frequencies as high as 
300 kc or more are attained by mod¬ 
erate synchronizing with high fre¬ 
quency signals. 

The second time-base incorpor¬ 
ated in this oscilloscope is of the 
driven or start-stop type. Each 
stroke must be initiated by an ex¬ 
ternal signal. Its great usefulness 
is in detailed inspection of waves 
occurring at relatively long and in¬ 
constant intervals, and having 
short durations. Any one of four 
sweep durations (5, 25,100, or 1000 
microseconds) may be selected by 
means of a switch on the front 
panel. This sweep can be triggered 
repeatedly at rates up to approxi¬ 
mately the frequency corresponding 
to the sweep period. The previously 
mentioned delay network greatly 
increases the utility of this time- 
base (Fig. 5). 

A stage of amplification follow¬ 
ing a phase-selector stage, (Fig. 
1), in the S3aichronizing circuit in¬ 
sures that the foregoing time-bases 
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FIG. 6—SlmpUll»d wiring diagram df 
thn Tocuum-tubn iwnnp circuit IndieotM 
thn principle of oporation. Tho tri« 
odo of tho multiribrator porlodicolly 
chargoo one of tho iroquoncy«rango ca- 
pacitori. Tho conotant*curront pontodo« 
which includoo tho Iroquoncy-Tomlor 
control* Unoarly diochargoo tho Iro- 
quoncy-rongo copocitor 

can be synchronized or initiated by 
small signals of either polarity. 
One volt peak will trigger the 
driven sweep. 

Generally, driven sweeps of 
short duration and low repetition 
rate are limited to one-half of the 
horizontal deflection distance that 
is available to the continuous saw¬ 
tooth sweeps or other s)rmmetrical 
signals. However, when this in¬ 
strument employs driven sweeps, 
the operating points of the X de¬ 
flection amplifiers are shifted along 
their dynamic characteristics to al¬ 
low full deflection. 

The Z-axis or beam modulation 
amplifier, illustrated in Fig. 7, 
makes use of a phase-selector as its 
input stage, thus making possible 
blanking or intensifying of the 
beam by either a positive or nega¬ 
tive signal. This amplifier, to¬ 
gether with the time-bases, acts as 
a beam control circuit serving to 
blank the return trace of continu¬ 
ous sweeps, and to drive the beam 
from cut-off during stand-by to full 
intensity during sweep when the 
driven time base is in use. 

It is ’ very necessary that ade¬ 
quate beam brightening be pro¬ 
vided on short-duration strokes if 
the image is to be photographed^ 
otherwise the beam intensity must 


be increased to a high level to make 
an infrequently repeated trace 
visible. As a result, the beam rest 
position will be so bright as to ob¬ 
scure the remainder of the trace. 
The cut-off of the beam during 
stand-by avoids this difficulty. 

To allow for the use of the Z-axis 
with video frequency signals, the 
response of the amplifier was made 
uniform to four megacycles. 

For use in conjunction with the 
Z-axis there is provided an oscil¬ 
lator and pulse-forming circuit 
which together furnish sharp pulses 
at intervals of one, ten, or 100 mi¬ 
croseconds. Figure 8 is a block dia¬ 
gram of this marker circuit. The 
oscillator is synchronized with 
driven sweeps, and is used to indi¬ 
cate elapsed time along the X-axis 
by introducing brightening or 
blanking markers (Fig. 5) into the 
trace. Direct application of the sig¬ 
nal to be investigated to the vertical 
deflection plates in no way affects 
the use of this timing circuit. The 
transitron oscillator is designed to 
be keyed on by the initiation of the 
driven sw^eep, but it is also useful 


over most of the continuous-sweep 
frequency range. 

An unusual feature of this in¬ 
strument is the inclusion of a pulse 
generator for use in triggering and 
testing other equipment. There are 
available at terminals on the front 
panel positive and negative pulses 
of about 100 volts peak amplitude 
and less than a microsecond dura¬ 
tion, at a rate continuously variable 
between 200 and 3000 pulses per 
second. 

AHtnuater Ditforfipn 

Initial deformation of the signal 
takes place when it is reduced 
from its original value by the test 
probe or the stepped attenuator. 
Both of these voltage dividers are 
compensated at the high fre¬ 
quencies by means of adjustable 
capacitors shunting the fixed re¬ 
sistors. These capacitors are ad¬ 
justed for minimum distortion of 
a 10 kc square wave, this frequency 
usually being the most sensitive to 
attenuator misadjustment. Even at 
the best possible setting, how¬ 
ever, there will be a slight but 


FIG. 8—Thp oieillotor ol fhp tlmp-ln- 
tprrol markpr circuit It kpytd on lor 
the durotion ol each driTon twoop. 
Wove thapot show tho manner by 
which tho otcillotlont ore eonvortod to 
morkor pultot 



ol a pulse Irom tho swoop circuit (see Fig. 1). This blanking pulse 
It suporimpotod upon ony oxtomol modulation signal by tho dual-triodo mix¬ 
ing stogo. Photo selection ol the external signal is accomplished by the 
boloncod phase-inverter and potentiometer preceding the mixer stoge. Both 
shunt ond series high-lrequeney oompensotlon are used in the linol stoge 
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noticeable rounding of the leading 
comers of square waves at 100 kc 
and higher. This distortion is prob¬ 
ably caused by phase shift at fre¬ 
quencies above one megacycle. 
While generally negligible, this ef¬ 
fect cannot be entirely eliminated. 
Equal attenuation at all frequencies 
is an engineering ideal that can 
be approached only at the expense 
of input impedance. 

Additional distortion takes place 
in the delay network, mainly be¬ 
cause of the more rapid transmis¬ 
sion of the frequency components 
above approximately two mega¬ 
cycles, and because of resistive and 
dielectric losses. Fortunately, this 
deformation in a well designed 
and correctly matched lumped- 
constant delay network is of the 
same order as that occurring in 
the attenuators, and can usually be 
neglected' at frequencies below 
one-half the theoretical cut-off of 
the delay network. 

The amplifiers themselves cause 
little or no frequency and phase 
distortion within their range of un¬ 
compensated, flat response. By 
proper compensation this range can 
be greatly extended at each end, 
but over-compensation must be 
avoided. The low-frequency and 
high-frequency equalizing circuits 
correct both gain and phase charac¬ 


teristics, but the most extended 
region of uniform gain and the 
most linear phase-shift characteris¬ 
tic cannot be attained with the 
same circuit constants. If a wide¬ 
band amplifier is adjusted for 
minimum distortion of square 
waves at both ends of its frequency 
range, it will generally be found 
that the correction made is a com¬ 
promise between that necessary 
for optimum gain and for optimum 
phase characteristic, but much 
closer to the latter than to the 
former. This will be the case at 
both low and high frequencies. 
Linear phase-shift at low fre¬ 
quencies requires more compensa¬ 
tion than is needed for flat gain. 
The reverse is true at high fre¬ 
quencies. 

Phase and frequency distortion 
in under-compensated amplifiers will 
appear respectively as sawtooth 
and concave bowing of the top and 
bottom portions of low-frequency 
square waves, and as rounding of 
the corners of high-frequency 
square waves. An over-compen¬ 
sated amplifier shows the even less 
desirable symptoms of upward slope 
and convex bowing of low-frequency 
square waves, and over-shoot, or 
even a train of oscillations, follow¬ 
ing the wave front of a high-fre¬ 
quency wave or pulse. 


The Y-axis of this instrument 
will pass a thirty cps square wave 
with only slight convex bowing 
(Fig. 8) and compensation is so 
adjusted that there is no over-shoot 
on even the most abrupt wave 
fronts. 

Amplitude distortion is always 
present in oscilloscopes, but seldom 
to an objectionable extent, as such 
distortion does not change the 
wave form in a manner that is very 
obvious to the eye. Interaction, or 
cross-coupling, between amplifiers 
is a serious problem. However, it 
can be solved by careful component 
and wiring layout, the provision of 
metallic shields where necessary, 
and the use of low output-imped¬ 
ance power supplies. 

Oscilloscope amplifier perform¬ 
ance is too often specified only in 
terms of sinusoidal frequency re¬ 
sponse, but this tells only part of 
the story of the actual fidelity of 
reproduction. The phase charac¬ 
teristics of the amplifier are of at 
least equal importance and should 
be given full consideration. For ex¬ 
ample by specifying the square 
wave response. 

The authors wish to acknowledge 
the valuable contributions of Mr. 
Bernard Amos and Mr. Charles 
Puckette to the development of 
this instrument. 


Direct-Coupled Oscilloscope 

Examination of low-frequency phenomena encountered in 
servo techniques and electromedical work requires a high- 
sensitivity oscilloscope employing d-c amplifiers. Design 
^considerations are given for a portable device useful in 
observation of waveforms up to 3 megacycles 


T he requirements of modem 
servo technique and electro- 
medical work call for the exami¬ 
nation of very low frequencies. The 
use of conventional a-c amplifiers 
involves circuits having long time 


By J. N. REYNER 

constants, but such circuits are 
seriously disturbed by transient 
impulses, which cause displacement 
of the image, often off liie screen 
altogether, for periods lasting 
several seconds. The only real 


solution is to use a direct- 
coupled system. A further im¬ 
portant requirement in a modem 
oscilloscope is that it shall be able 
to record potential differences' be¬ 
tween two points in a network, but 
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should disregard fluctuations in the 
general level of network potential. 

The instrument to be described 
achieves both these features in a 
practical fashion. The system is 
indeed so stable that it is not neces¬ 
sary to use stabilized power sup¬ 
plies. Although attention was 
primarily concentrated on the low¬ 
er-frequency requirements, the cir¬ 
cuits were found to be effective up 
to comparatively high frequencies. 
In the design of the finished instru¬ 
ment, therefore, attention was paid 
to constructional details and layout 
in such a manner as to maintain 
the frequency response substan¬ 
tially uniform up to 1 me or, at some 
sacrifice of sensitivity, up to 3 me. 
The amplifiers are provided with a 
simple link by means of which the 
user can choose whichever condi¬ 
tion he wishes. 

Special CRT 

The instrument uses a cathode- 
ray tube of a type developed for 
radar. The particular tube has the 
merit of giving a brilliant trace 
and a sharply focussed spot with an 
anode voltage of only 1 kv. Because 
of this relatively low anode voltage 
the sensitivity of the tube itself is 
high. Electrostatic deflection is 
used, vertical deflectors having a 
sensitivity of 2.2 mm per v while 
horizontal deflectors are approxi¬ 
mately half this sensitivity. The 
screen diameter is 8.6 in. with a 
nearly flat face. Four standard 
types of screen are available; blue 
trace with afterglow approximately 
1 microsecond; green trace with 
afterglow approximately 1 milli¬ 


second ; yellow trace with afterglow 
approximately 6 seconds; and blue 
trace with yellow afterglow lasting 
approximately 20 seconds. 

Although the screen diameter is 
smaller than on many oscilloscopes 
the extremely small spot diameter 
(approximately 0.25 mm) at full 
brilliance results in such sharp 
traces that the effectiveness of the 
display is better than on many 
larger diameter screens. 

The c-r tube sensitivity permits 
a high amplifier sensitivity to be 
obtained with a maximum gain of 
only 700. This condition results in 
a screen deflection of 1.6 mm per 
mv rms input to the amplifier. The 
sensitivity on the horizontal ampli¬ 
fier is only about half this figure. 

The focus and intensity controls 
are independent and the focus is 
sharp over the whole screen. This 
effect is accomplished by the man¬ 
ner of connecting the deflector 
plates to the amplifying net¬ 
work, which ensures that the 
mean deflector potential is the same 
as the final anode voltage of the 
cathode-ray tube. This require¬ 
ment is critical and provision for 
adjustment is explained later. 

The two amplifiers, which are 
identical in aU but minor particu¬ 
lars, each consist of three pairs of 
symmetrically arranged push-pull 
tubes. The basic circuit is shown 
in Fig. 1. The tubes and Ft con¬ 
stitute a symmetrical cathode fol¬ 
lower or “long-tailed pair^\ The 
anodes of the tubes are directly 
coupled to the grids of tubes V» and 
Ft which are a similar long-tailed 
pair arrangement, and these anodes 


are again coupled directly through 
the grids of the final pair, which 
are simple separate cathode- 
follower stages, the voltage across 
the cathode resistors being fed di¬ 
rect to the deflector plates of the 
cathode-ray tube. 

All three pairs of tubes are fed 
from the same supply line but the 
circuit is so arranged that the cath¬ 
odes of the first pair are at a low 
potential, those of the second pair 
are at an intermediate potential, 
while in the third pair the whole of 
the signal voltage is developed in 
the cathode circuit, there being no 
anode resistor in either tube. 

This symmetrical arrangement 
provides not only the discrimina¬ 
tion previously mentioned but also 
contributes to the stability because 
there is no signal current in the 
B-f line. A symmetrically-applied 
signal to the input causes circulat¬ 
ing currents around the network 
VxRxR Yu and there is no signal cur¬ 
rent either in the high-voltage line 
or in the cathode resistor. The 
cathode resistor thus has no effect 
on the amplification for symmetri¬ 
cal signals, but to any asymmetrical 
signal it becomes operative and in¬ 
troduces heavy negative feedback; 
the resulting discrimination in the 
actual amplifiers is of the order of 
1,000 to 1 at the maximum gain 
setting. 

A similar action takes place in 
the second and third pair of tubes, 
though advantage of the symmetry 
here is more in the avoidance of 
signal currents in the B-f line^ 
since these are now of greater mag¬ 
nitude. Because of this circuiting 
there is no interaction between one 
stage and the next or between one 
amplifier and the other and since, 
as will be seen later, the time base 
is operated on a similar principle, 
the whole instrument can be fed 
from a common power supply with¬ 
out any appreciable interaction 
among the circuits. 

Since the whole network is di¬ 
rectly coupled it operates from zero 
frequency upwards. Small cor¬ 
rector chokes are included in the 
anode circuit, so proportioned as to 
maintain the response level until 
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FIG. 2—Detailed circuit ichematic ol direct^coupled ompllfier showing controls 


the cutoff point is reached after 
which rapid attenuation sets in. 

Functionol Controls 

Figure 2 shows the amplifier net¬ 
work in greater detail. Variation 
in the sensitivity of the amplifier 
is accomplished by providing 
separate cathode resistors for the 
first two tubes and bridging the 
cathodes with a variable resistance. 
When this resistance is zero, so 
that the cathodes are connected to¬ 
gether, the two cathode resistors 
operate in parallel and the circuit 
is effectively the same as that of 
Fig. 1 and develops its maximum 
gain. Increasing the value of the 
gain control inserts resistance into 
the circulating anode current ring, 
the voltage drop acting to oppose 
the push-pull component of the in¬ 
put signal and thus reducing the 
push-pull sensitivity of the stage. 
The push-push sensitivity is not 
affected and therefore the discrim¬ 
ination tends to fall off as the gain 
is reduced, but since maximum dis¬ 
crimination is /equired at maxi¬ 
mum sensitivity this constitutes no 
serious disadvantage in actual 
practice. 

The actual voltage on the anode 
of the tubes Vj and V, is deter¬ 
mined mainly by the voltage drop 
in the anode resisters Ri and J?.. 
An additional source of voltage, 
however, is applied to these two 
anodes through a symmetrical net¬ 
work from another source, actually 
taken from the power supply unit a 


little earlier in the smoothing 
chain. This voltage is fed through 
buffer resistors having a high value 
compared with the anode resistors, 
so that the amplification of the net¬ 
work is not appreciably affected. 
It will be noted, however, that the 
potential is actually introduced via 
the slider of potentiometer P,. At 
the midpoint of this potentiometer, 
the potential applied to each tube 
is the same, but as the slider is 
moved a condition of unbalance is 
introduced, which has the effect 
of making one anode slightly more 
positive and the other slightly more 
negative. This unbalance is trans¬ 
ferred through the next two pairs 
of tubes and produces a shift of the 
spot on the cathode-ray tube screen 
irrespective of any movement 
which is being produced by the sig¬ 
nal. A smooth and wide range of 
control is obtained by this means, 
the important feature being that 
the change of position is instan¬ 
taneous so that the location of the 
image is both positive and rapid. 

BonilwidHi Adjuffrmcnf 

It has already been mentioned 
that at the option of the user the 
frequency response can be varied 
from 1 to 8 me. The adjustment 
is accomplished in the second pair 
of tubes, the anode resistors for 
which are in two portions. When 
both portions are in operation the 
amplifier maintains its response 
level up to practically 1 me, being 
actually only 8 db down at this 


frequency. If the link shown in 
the diagram is closed, however, the 
upper portions of the two anode 
resistors are short-circuited and 
only the lower portions are effec¬ 
tive. Under these conditions the 
frequency respon.se is maintained 
up to 3 me but the gain of the stage 
is reduced by approximately three 
times. From the symmetry of the 
arrangement it will be seen that the 
link short-circuits two points at 
the same d-c potential so that no 
circulating currents result. 

Figure 3 shows the performance 
of the amplifier with the link in the 
3 me position. It will be observed 
that the response is completely uni¬ 
form from zero up to a frequency 
very close to the cutoff frequency, 
after which rapid attenuation oc¬ 
curs. There is no phase shift in 
the lower frequency portions but 
some phase shift becomes notice¬ 
able a little above 500 kc and the 
phase angle is approximately 76 
deg at 3 me. Because of this 
phase shift at the limiting fre¬ 
quency the locus of the operating 
point on the tube characteristics 
at this point is no longer a straight 
line but is an ellipse of fairly large 
eccentricity. Consequently the 
volt-ampere requirements are con¬ 
siderably greater than at the lower 
frequencies where there is no phase 
shift. 

Because of this fact it is not pos¬ 
sible to develop the full screen de¬ 
flection at the highest frequencies 
and at 8 me the maximum deflec¬ 
tion obtainable is a little over 2 
cm. The position rapidly improves 
as the frequency is reduced. About 
double this deflection is available at 
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FIG. 4—Gun and deflector plate hookup 


FIG. 5—Simplified schematic diogram of time base generator 


1.5 me and at a little under 1 me the 
full screen can be filled. While this 
limitation might appear serious, in 
practice the need for a good high- 
frequency response is determined 
mainly by the need to handle the 
harmonics of a fundamental oper¬ 
ating on a much lower frequency. 
The relative strength of these har¬ 
monics will, in any case, be small 
so that not more than about 10 per¬ 
cent of the screen will be required. 
Actually, approximately 25 percent 
of the screen can be filled even at 
the highe.st frequency and this 
amount is considered satisfactory. 

Current-Forcing Circuit 

In order to obtain the discrim¬ 
ination required in the input stage 
it is necessary that the cathode re¬ 
sistors of Vi and Fs shall be of high 
value. This would normally result 
in the cathode potential being ap¬ 
preciably positive to ground, so 
that if the grids on the first stage 
are operating near ground poten¬ 
tial they would be so negative with 
respect to the cathode as to reduce 
seriously the effective conductance 
of the tubes F, and F,. It is, there¬ 
fore, necessary to maintain the 
anode current through F, and F. 
at a suitable value, and in order to 
accomplish this current is forced 
through the cathode resistors from 
a negative source of current. This 
supply is effectively a constant- 
current supply and forces into the 
network a current which divides 
equally through the two cathode re¬ 
sistors* The current is actually fed 
through the slider of a potentiom¬ 


eter. When the instrument is set 
up the slider is adjusted until the 
potential of the two cathodes, with 
the gain control at the maximum 
re.si.stance, is equal. Without this 
adjustment operation of the gain 
control would produce a disturb¬ 
ance in the datum anode current 
that would be indistinguishable 
from a genuine signal. 

To maintain sharp focus and 
freedom from astigmatism the final 
anode of the the cathode-ray tube 
must be at the same potential as the 
mean potential of both pairs of de¬ 
flector plates. To achieve this con¬ 
dition the final anode of the cath¬ 
ode-ray tube is not solidly grounded 
but is connected to each of the four 
deflector plates through four equal 
resistors of 0.1 megohm as shown 
in Fig. 4. The mean outputs of 
the two amplifiers are then equated 
by appropriate adjustment of the 
anode current of the second stage 
in the amplifier at P*. (Fig. 2). 
This adjustment is necessary on 
but one amplifier and is therefore 
incorporated in the horizontal 
amplifier only. 

Time Bose 

A symmetrical construction is 
adopted in the time base which is 
shown in simplified form in Fig. 6. 
The capacitor C is charged through 
the pentode tube F». Across the 
capacitor is the discharge tube Ft, 
the grid of which is held at a poten¬ 
tial determined by the network J?, 
F. and D. When the capacitor C 
is discharged, the cathode of Ft 
is near the B-f potential so that the 


grid of the tube is considerably 
negative with respect to the cath¬ 
ode and the tube is non-conducting. 
As the capacitor charges up, the 
cathode potential falls until it be¬ 
comes only slightly positive with 
respect to the grid and the tube 
commences to conduct. As soon as 
current flows in this circuit a poten¬ 
tial is developed across A which 
reduces the .screen potential of 
F., causing a rise in anode potential 
which makes the grid of Ft more 
positive. This change increases the 
conductance of Ft so that the dis¬ 
charge is accelerated and a rapid 
flyback is obtained. 

The action of Ft and Fn results 
in an effective transfer of the cath¬ 
ode current of Fp from the anode to 
the screen so that the total drain 
from the supply line remains con¬ 
stant. This is an important feature 
.since it not only avoids interaction 
between the time base and the 
amplifiers but it also renders the 
operation of the time-base circuit 
independent of the time-constant of 
the high voltage supply line. Be¬ 
cause of this condition the circuit 
continues to function satisfactorily 
down to indefinitely low frequen¬ 
cies. Capacitor C is actually a 
series of eight of gradually increas¬ 
ing value in order to give discrete 
ranges of frequency, and for the 
sake of reasonable portability the 
largest capacitor is such as to pro¬ 
vide a minimum sweep frequency 
of 2 cps. A two-pin socket is pro¬ 
vided, however, to make the time- 
base voltage available externally, 
or for single-sweep operation as ex- 
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plained below. Additional capaci¬ 
tors can be added across the socket 
to extend the time base frequency 
downwards to at least to 0.2 cps. 

Fine control of the frequency is 
obtained by varying the current 
through the pentode tube F* via the 
grid potential. The voltage across 
the time-base capacitor is trans¬ 
ferred through a high-resistance 
potentiometer to the input of the 
horizontal amplifier. This arrange¬ 
ment permits the width of the scan 
on the cathode-ray tube screen to 
be varied from about one half to 
five screen diameters. The highest 
time-base frequency is 150 kc and 
since the horizontal amplifier fre¬ 
quency response extends to at least 
ten times this value the saw-tooth 
waveform is satisfactorily main¬ 
tained throughout the full fre¬ 
quency range. The potentiometer 
is compensated for stray capaci¬ 
tances so that the correct ratio is 
maintained throughout the full fre¬ 
quency range. To offset the d-c 
component of the time base signal 
the other X-amplifier input termi¬ 
nal is supplied with a steady vol¬ 
tage adjusted by the potentiometer 
Pb to equal the mean d-c value of 
the signal. 

Synch rofiitm 

The synchronism is automatic. 
Synchronizing signals are applied 
through the tube Fxo to the grid of 
tube Fb. These signals control the 
current of V. and hence the grid 
potential of Ft. A positive syn¬ 
chronizing impulse will thus drive 
the grid of Ft positive and initiate 
the discharge. 

The pulse of current through 
F,o does produce some slight modu¬ 
lation of the high voltage line but 
this is limited by the rectifier net¬ 
work in the bottom half of the 
potentiometer which transfers the 
voltage from F,o to F*, and also by 
the inclusion of a high value of re¬ 
sistance in the cathode. As a re- 
sultt the current of F,o is, in prac¬ 
tice, substantially constant. 

The main function of the two 
rectifiers just mentioned^ however, 
is to limit the synchronizing pulse 
to a suitable value. The resistors 
Rb and Rb are so chosen that for 


small signals the rectifiers are of 
relatively high resistance. As the 
voltage on rises, however, the 
rectifiers begin to conduct and thus 
to shunt the bottom half of the 
potentiometer and limit the voltage 
applied to F*. It is thus not possi¬ 
ble to produce over-synchronism 
with consequent shortening of the 
time-base sweep. This feature is 
valuable in practice because with 
conventional methods a change in 
amplitude of the signal under ex¬ 
amination causes a change in the 
point at which the time base trig¬ 
gers, with consequent unsteadiness 
of the image. With the present 
arrangement the image remains 
quite steady, irrespective of the 
changes of amplitude and the ar¬ 
rangement is so successful in prac¬ 
tice that no synchronizing control 
is provided. It is merely necessary 
to apply to the sync terminal a 
signal either from the output of the 
vertical amplifier or direct from 
some part of the circuit under 
examination. 

The negative pulse developed 
across A is brought to a terminal 
at the rear of the instrument and 
may be connected to the modulator 
grid on the cathode-ray tube, if de¬ 
sired. In this condition the spot is 
blacked out during the flyback. 

ContfrucHonal FtatHres 

The power supplies and time- 
base components are mounted on 
the main chassis while the two 
amplifiers, which are assembled as 
separate units, are mounted in 
antivibration mountings on either 
side of the cathode-ray tube. All 
main controls are available on the 
front panel. The four deflector 
plates are connected to terminals 
along the bottom of the front panel 
and four switches immediately 
above permit each plate individu¬ 
ally to be connected to ground, to 
the terminal either directly or 
through a capacitor, or to the out¬ 
put of the appropriate amplifier. 
The leads to the deflector plates are 
spaced from each other and from 
the chassis in order to reduce the 
stray capacitance. Where mini¬ 
mum plate capacitance is essential, 
however, connections can be made 


to four terminals at the back of 
the instrument. These terminals 
are normally strapped to adjacent 
terminals connected to the front 
terminals but by opening the links 
the additional capacitance of the 
wiring is removed. The gun and 
modulator electrodes are also ac¬ 
cessible at the rear, together with 
the pulse output for flyback sup¬ 
pression. 

Symmetrical input is provided on 
each amplifier with a ground termi¬ 
nal in between and each input is 
provided with a multiposition 
switch. This switch allows direct 
connection; direct connection 
through a resistance attenuator 
that reduces the sensitivity ap¬ 
proximately fourteen times; and 
direct or attenuator connections in¬ 
cluding an isolating capacitor of 
0.1 microfarad with 1.2 megohms 
to ground. 

The horizontal amplifier switch¬ 
ing has two additional positions. 
The first of these connects the 
amplifier input to the time base 
while the second is for single¬ 
sweep operation, the time base still 
being connected but the discharge 
tube rendered inoperative. 

The single sweep referred to is 
not electronic in character. The 
time-base controls are set to oper¬ 
ate at the required sweep speed and 
the time-base terminals are then 
short-circuited externally. On re¬ 
moval of the short-circuit the spot 
will sweep across the screen and will 
stay in its final position until re¬ 
stored by re-imposing the short-cir¬ 
cuit across the capacitor. The d-c 
positioning of the spot and the gain 
control of the horizontal amplifier 
can be manipulated to include the 
whole of the sweep on the screen or 
any portions thereof. The internal 
time base is rendered inoperative 
when the amplifier is. connected for 
external signals. 

A graticule with millimeter rul¬ 
ings is located in front of the tube 
face, being held in position by a 
cover plate which incorporates a 
telescopic light shield. This cover 
plate can be removed completely 
and replaced by a camera, either 
for single shots or for continttous 
recording. 
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Cathode-Ray Q Meter 

By RUDOLF FELDT 



Fig. 1—D«cr«m#nt It dtttnalntd horn 
tilt ompllhidtt ol tncctttlTt ptokt of 
a frtt ninning. otclUatfng circuit 


Logarithmic decrement and Q 
can be measured by the cathode- 
ray oscilloscope. This method of 
plotting damped oscillations as fixed 
images on the cathode-ray tube has 
both electrical and mechanical sig¬ 
nificance. 

Thtory 

Any system which is able to oscil¬ 
late will generate damped oscilla¬ 
tions if excited by shock. The fre¬ 
quency of these oscillations is de¬ 
termined by the inductance and 
capacitance of the system, and the 
damping of the oscillations by 
losses in the system. A damped 



oscillation is expressed by 

At * C 08 uA (1) 

where A, is the voltage across the 
circuit at any time t 
A is the voltage at the mo¬ 
ment of excitation, time 
T 

u) is the natural angular 
velocity of the circuit 
a is the decrement factio 
given by <x = R/2L 
R is the equivalent total 
series resistance of the 
circuit 

L is the equivalent series 
inductance of the circuit 

Logarithmic decrement 5 is de¬ 
fined as the natural logarithm of 
the ratio of maximum voltage dur¬ 
ing any given cycle of oscillation 
to the maximum voltage of the next 
cycle. Logarithmic decrement is 
equal to decrement factor a divided 
by natural frequency /. Referring 
to Fig. 1 

« « a// - R/2fL - (1/n) In (A/An) (2) 
From Eq. 2 

g - - mr/ln (A/An) (3) 

Meoturemenf 

Shock excitation of tuned circuits 
can be obtained either by applying 
square waves or by differentiating 
the saw-tooth wave of the sweep 
generator, which is a part of 
almost every cathode-ray oscillo¬ 
scope, thereby obtaining repetitive 
pulses. These square waves or 
pulses are then fed to the oscilla¬ 
tory circuit. The damped oscilla¬ 
tions that are generated are ap¬ 
plied to the vertical amplifier of 
the oscilloscope. Sweep is applied 
to the horizontal amplifier in the 
usual manner. If pulses from the 
saw-tooth generator are used, syn¬ 
chronism is necessarily maintained. 

Values of decrement and quality 
can be obtained from the pattern 
of the damped oscillation or by 
means of transparent scales placed 
in front of the cro screen. These 



Fig. 3—Seal* lor moaaurlng quallly 
diroeUy 


scales are drawn from Eq. 2 for 8, 
and from Eq. 3 for Q. Figure 2 
shows such a scale calibrated for 
logarithmic decrement and Fig. 8 
shows a scale for quality. 

To measure decrement, the pat¬ 
tern of the damped oscillation is 
centered on the line marked X on 
the scale. Amplitude of the oscil¬ 
lations are adjusted (conveniently 
by the gain of the oscilloscope am¬ 
plifier) so that one peak touches 
the zero reference line. The am¬ 
plitude of the next peak indicates 
on the scale the value of 8. If the 
value at the nth successive peak is 
read, divide by n to obtain 8. 

Quality can be determined in a 
similar manner using the scale of 
Fig. 3. In this case the reference 
line is marked X. The pattern is 
adjusted so that one of the ampli¬ 
tudes of the damped oscillation 
touches the reference line. The 
next amplitude indicates on the 
scale the value of Q or if the scale 
is read at the nth amplitude it is 
multiplied by n to obtain Q. 

For accurate measurements pre¬ 
cautions must be taken to avoid 
loading of the resonant circuit by 
the pulse srenerator and the oscillo¬ 
scope. 
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In Fig. 4 the trace obtained from 
a vedeo peaking coil having a decre¬ 
ment of about 0.6 is shown. If the 
voice coil of a loudspeaker is ex¬ 
cited by a square wave without in¬ 
troducing electrical damping, the 
trace indicates damping of the 
loudspeaker membrane and its res¬ 
onant frequency. 

Any mechanical device which 
can be excited by shock to produce 


vibrations can be measured by this 
method. If the shock is synchro* 
nized with the sweep circuit of the 
cro and the mechanical vibrations 
converted into electrical signals by 
piezoelectric pickups, or electrome¬ 
chanical or photoelectric devices, a 
steady trace can be produced as in 
measuring electrical circuits; oth¬ 
erwise an adaption of single trace 
technique can be made. 


Time-Base Calibration 


Time-displacement linearity of oscilloscope sweeps can be measured at tenth-microsecond 
intervals by using a (Tystal-controlled, driven multivibrator chain. Circuit provides sweep¬ 
triggering pulse and constant-amplitude, continuous calibrating signal 

By WALTER W. LUDMAN 



T esting of certain electronic 
equipment requires the meas¬ 
urement of the width or duration 
of extremely narrow, rectangular, 
recurrent pulses. Some of these 
pulses may have durations as short 
as one-half microsecond. It may be 
necessary to measure the duration 
of such pulses to an accuracy of 
2 per cent. 

Syschroicape 

Measurement of^such short-dura¬ 
tion pulses is usually accomplished 
with the aid of a device generally 
known as a synchroscope. This is 
primarily an oscilloscope with a 
triggered sweep circuit supplying, 
for the horizontal deflecting plates 
of a c-r tube, a deflection voltage 
which varies at an unusually high 
speed and has a very linear rate of 
change. Provision is made for ap¬ 


plying the pulse to be measured 
directly to the vertical deflecting 
plates of the c-r tube. 

The horizontal sweep voltage or 
time base varies at a rate such that 
its total voltage swing may occur 
in a time interval of only 3 or 4 
microseconds; the time between 
successive sweeps may however be 
very long in comparison, 1000 
microseconds in the example shown 
in Fig. 1. 

The time interval between suc¬ 
cessive sweeps is controlled by the 
recurrence rate of the trigger sig¬ 
nal which starts the sweep circuit 
functioning. This trigger signal 
can be supplied by circuits within 
the synchroscope or from some ex¬ 
ternal source, but it must be in syn¬ 
chronism with the recurrence rate 
of the signal to be viewed. 

When a pulse having a duration 


Tim»-baB« calibration roqutros a con- 
■tcmt-froquoncy colibroting signal and o 
■ynchronlBod pulso to triggor tho 
swoop. A crystal-controllod osclllcttor 
proTidos tho calibrating signal; multi- 
ribrator iroquoncy-dividors proTido tho 
rolotivoly long-porlod. short-duration 
synchronisod triggoring pulsos 


of only one microsecond is viewed 
on an oscilloscope provided with a 
sweep having a duration of 8 micro¬ 
seconds, a pattern is obtained as 
shown in Fig. 2. Very accurate 
measurements of the actual dura¬ 
tion of the pulse at any amplitude 
can be made if the exact time rate 
of change per unit of deflection of 
the horizontal sweep is known. 
Various methods can be used for 
calibrating such a time base in 
terms of microseconds per inch of 
deflection. 

Callbrafias Tecluiiqeet 

Most calibrating schemes are 
based on the application of a sine- 
wave signal of known frequency to 
the vertical channel of the oscillo¬ 
scope. If the frequency is known, 
the time interval between succes¬ 
sive cycles of the sine wave is slm- 
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ply r = 1/F seconds or l(f/F micro¬ 
seconds. Thus a frequency of one 
megacycle would have a time in¬ 
terval of one microsecond between 
successive cycles. 

In order to make use of such a 
sine-wave calibrating signal it is 
necessary that the signal be syn¬ 
chronized with the trigger signal 
which starts the time base. This 
requirement has led to the general 
adoption of various forms of shock- 
excited oscillators. Circuits of this 
type are arranged to deliver a 
damped wave train of oscillations 
when excited by the same trigger 
voltage which initiates the sweep 
oscillator. The time interval be¬ 
tween successive cycles of the 
damped wave is governed by a 
tuned circuit which is resonant at 
the desired frequency. 

The disadvantages of this method 
are: (1) Since the frequency is de¬ 
termined by a simple tuned circuit, 
its alignment must be checked fre¬ 
quently. (2) The frequency of the 
tuned circuit can only be checked 
while it is operated in a continuous- 
wave oscillator circuit. Whether 
the resonant frequency remains the 
same under conditions of shock ex¬ 


citation is questionable. (3) A 
damped wave train may introduce 
errors because the time interval of 
each cycle is not the same. 

To overcome these drawbacks the 
system shown in the block diagram 
is used. The unit contains a 5-mc 
crystal-controlled oscillator which 
supplies the calibrating signal. Be¬ 
cause the time interval between 
cycles is 0.2 microsecond, calibrat¬ 
ing intervals of 0.1 microsecond are 
readily available. 

Following the crystal oscillator 
is a series of multivibrators used 
as frequency dividers. The first, 
operating at 500 kc, is synchronized 
directly from the crystal oscillator. 
It, in turn, synchronizes a 50-kc 
stage which in turn locks in a 6-kc 
multivibrator. The output of 
this multivibrator synchronizes a 
fourth, whose frequency is variable 
in synchronized steps from 500 to 
2500 cps. 

The output of the last multi¬ 
vibrator is fed through a pulse¬ 
shaping amplifier, a variable delay 
network and finally a cathode- 
loaded output stage. The function 
of the frequency dividers and pulse¬ 
shaping stage is to produce a pulse 


which is synchronized with the cali¬ 
bration signal and suitable for use 
as a trigger pulse to trigger the 
sweep circuit in the oscilloscope. 

When the oscilloscope sweep is 
triggered by this pulse and the 
calibrating signal from the crystal 
oscillator applied to the vertical 
plates of the c-r tube, the stationary 
sine wave pattern of Fig. 3 is ob¬ 
tained. The variable delay control 
in the input to the cathode-loaded 
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output stage permits positioning 
the calibration signal anywhere 
along the time base. 

As previously pointed out, the 
time interval between successive 
peaks of the same polarity is 0.2 
microsecond. If the sweep speed 
is adjusted until exactly live 
peaks coincide with one inch of de¬ 
flection, the time base can be con¬ 
sidered to have an accurate calibra¬ 
tion of one microsecond per inch of 
deflection. If the sweep speed is 
adjusted fof 10 peaks per inch, the 
calibration is equivalent to 2 micro¬ 
seconds per inch. 

Callbrotor CIrealf 

The circuit shown in Fig. 4 is, 
with few exceptions, straightfor¬ 
ward and requires little explana¬ 
tion. The final multivibrator is 
made variable in frequency so that 
the oscilloscope sweep circuit can 
be triggered at the same repetition 
rate while being calibrated as when 
being used for measurements. This 
multivibrator is also of the unbal¬ 
anced variety, i.e., the circuit con¬ 
stants of the two sections of the 
dual tube comprising the multi¬ 
vibrator are considerably different. 
As a result, one half-cycle of the 
signal is much shorter in duration 
than the other half. This permits 
obtaining a pulse of comparatively 
short duration. Because the shorter 


part of the cycle appears as a nega¬ 
tive pulse on the plate of the left- 
hand triode, the output of this sec¬ 
tion is applied to a zero-bias ampli¬ 
fier which permits the negative 
half-cycle to be amplified while 
tending to clip the positive half¬ 
cycle. The amplitude of the nega¬ 
tive peak is sufficient to drive the 
amplifier grid to cutoff thus squar¬ 
ing the peak. 

The combination of the 25,000- 
ohm rheostat and 15-/ifif capacitor 
produces a phase shift which is 
capable of making the signal ap¬ 
plied to the grid of the cathode- 
loaded stage lag the signal at the 
plate of the preceding tube by al¬ 
most one microsecond. 

The output signal is a positive 
pulse having an amplitude of ap¬ 
proximately 20 volts peak and a 
duration at 80 percent of peak of 
about 12 microseconds. The output 
of the crystal oscillator is approxi¬ 
mately 70 volts peak to peak. 

Use of Caitbrater 

To insure utmost accuracy of 
calibration and measurement cer¬ 
tain precautions have to be ob¬ 
served. First, before the time base 
is calibrated, the sweep should be 
positioned by means of the position 
control so that the start of the 
sweep is at some definite reference 
point. Once this adjustment is 


made and the calibration performed 
for this setting, all measurements 
should be made with the sweep 
starting at the same reference 
point. 

Second, when calibrating the 
time base, the calibration should be 
made for a certain definite portion 
of the sweep (usually the one inch 
nearest the center of the oscillo¬ 
scope). All future measurements 
should then be made on the same 
portion of the sweep. These two 
precautions eliminate possible error 
due to non-linearity of the sweep or 
non-linearity of the c-r tube deflec¬ 
tion. 

Also, it is advantageous to use 
the peaks of the calibration signal 
which are nearest the vertical por¬ 
tion of the c-r tube face used in 
making measurements. Thus if 
negative pulses are.to be measured 
on the scope, the negative peaks of 
the calibrating signal would be 
nearest to the portion of the tube 
face on which the measurement is 
to be made. If measurements are 
made at the vertical center of the 
screen, it may be an advantage to 
use the zero crossover portion of 
the sine wave. 

Advostflget of Callbrofor 

The equipment described has cer¬ 
tain desirable features not found in 
calibrators using such methods as 
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triggered shock-excited oscillators. 
First of all, because the calibration 
signal is crystal-controlled and op¬ 
erates continuously, the calibration 
signal covers the entire duration of 
the sweep and has a constant ampli¬ 
tude over the whole sweep. 

The use of a 5-mc calibrating sig¬ 
nal enables the calibration of the 
sweep to be done at points of one 
microsecond and one-half microsec¬ 
ond per inch of sweep with high 
accuracy. The unit can also be 
easily adapted to the calibration of 
slower speed sweeps by utilizing the 
output of the intermediate multi¬ 
vibrators for a calibrating signal. 
For example, the 600-kc multivi¬ 
brator could be used for obtaining 
2-microsecond time intervals, 20- 


microsecond points can be obtained 
from the 50-kc multivibrator and 
200-microsecond intervals from the 
6-kc multivibrator. 

To make use of the intermediate 
frequencies for calibrating pur¬ 
poses it would be desirable to pass 
the output of the multivibrator 
through an amplifier which has a 
differentiating network in its grid 
circuit. This practice would pro¬ 
vide sharp, spike-like pulses that 
would permit sharper calibration. 

In setting up the unit and adjust¬ 
ing the multivibrators to synchro¬ 
nize on the proper frequencies a 
single or multiple loop Lissajou pat¬ 
tern can be produced on an oscil¬ 
loscope by using the multivibrator 
output and a standard signal gen¬ 


erator. T!ie dual potentiometer in 
the grid circuit of the multivibrator 
is varied until the Lissajou pattern 
is synchronized; that is, appears 
stationary. An alternate method is 
to use the output of the crystal 
oscillator or the preceding multi¬ 
vibrator in place of the signal gen¬ 
erator. The final multivibrator can 
best be checked for frequency 
range by comparing its output to 
an audio-frequency signal on the 
oscilloscope. 

Units of this type have been in 
use by the writer for several years 
for calibrating oscilloscopes. The 
results have been consistently re¬ 
liable. Few readjustments of the 
multivibrators have been neces¬ 
sary. 


Pulse Transmission in Amplifiers 


An economic evaluation of single and double-tuned coupling circuits in pulse amplifiers is 
possible by setting standards for comparison of steady-state and transient response. The experi¬ 
mental results obtained at medium frequencies are valid much higher in the spectrum 


T he subject of pulse transmis¬ 
sion has been rather thoroughly 
treated in the literature from an 
analytical standpoint, but the obser¬ 
vational and experimental aspects 
have not received as wide attention. 
This paper gives the findings of an 
experimental investigation made to 
determine bandwidth requirements 
for the transmission of rectangular 
pulses through a communication 
channel. 

The work was motivated by a 
need to determine the relative ad¬ 
vantages of single-tuned versus dou¬ 
ble-tuned coupling circuits in ampli¬ 
fiers used for pulse transmission. 

With new uncrowded regions of 
the spectrum available for wideband 
transmissions it becomes desirable 
to investigate the use of amplifiers 
employing relatively unselective, but 
simple, single-tuned coupling cir^ 
cuits. If they can be used in place of 
the double-tuned type without too 


By ARTHUR E. NEWLC 

much loss in gain for equal pulse 
transmission, a considerable advan¬ 
tage in simplicity of manufacture, 
alignment and servicing of wide¬ 
band amplifiers will accrue. 

Experimsstel Proeednre 

Analytical demonstration can be 
made of the validity of frequency 
scaling in the study of pulse trans¬ 
mission. This fact was utilized, mak¬ 
ing possible the experimental use of 
a narrow-band, low-frequency ampli¬ 
fier whose band-pass characteristics 
were easily controlled. This test pro¬ 
cedure permitted the use of long 
pulses whose shape and length could 
be determined accurately. 

A block diagram of the test setup 
is shown in Fig. 1. The circuits to be 
tested are incorporated in an ampli¬ 
fier with their pass bands centering 
about 460 kc. A 460-kc signal, pulse 
modulated, is applied to the amplifier, 
the output of which la demodulated 


N 

and observed on a wide-band oscil¬ 
loscope. The pulse modulating volt¬ 
age is mixed with the output of the 
amplifier to provide accurate timing 
marks on the oscilloscope pattern. 
The patterns for each test condition 
have been standardized in size and 
photographed for subsequent analy¬ 
sis. 

The apparatus is capable of pass¬ 
ing a pulse less than one-half the 
length of the shortest used in taking 
the test data, without a measurable 
deviation from squareness in the os¬ 
cilloscope pattern. 

Before outlining the measuring 
technique, two terms used in specify¬ 
ing pulse shapes will be defined. Fig¬ 
ure 2 shows a typical output pulse 
shape. The terms defined in the fig¬ 
ure are percent rounding and per¬ 
cent width. Percent rounding is the 
percentage of the time duration of 
the input pulse required for the out* 
put pulse to reach 90 percent of its 
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Tnummifsion charaoteristio A 
L- 1,807 ~ 45.7fi-f0.86J?* (1) 

Tranimimion oharacteristio B 
L - 1,521 - 41 .Ofi -f 0.82i«* (2) 

Tranimimion charaoteristio C 
L- 909 - 23.7/? 4-0.18/?* (3) 

Tranjimuwion charaeteriatic D 
L - 897-23.eB +0.19/?* (4) 

The above equations are identical 
in form, differing only by a multi¬ 
plying factor. The group can be 
specified by the following character¬ 
istic equation 

L - /iC (1,000 -26.25-f 0.20/?*) (5) 

where, L is length of pulse in micro¬ 
seconds; R is percent rounding; and 
XT is a factor representing a function 
of the steady state response charac¬ 
teristic of the circuit Equation 6 is 
plotted in Fig. 5. Equations 1 to 6 
are valid for values of R in the range 
10 to 60 percent. 


final amplitude. Percent width is 
the percentage of time duration of 
the input pulse required for the out¬ 
put pulse to go from 10 percent of 
its final amplitude, through 100 per¬ 
cent and back down to 10 percent. 

The pulse-modulated signal is ap¬ 
plied to the amplifier under test. 
Pulse length is then adjusted to give 
an output pulse having a specified 
amount of rounding. After adjusting 
the oscilloscope pattern size to a 
standard value, the figure is photo¬ 
graphed. A series of such data has 
been taken for each circuit tested, 
with several values of pulse length 
to give various degrees of rounding 
of the output pulse. 

Isperi w sfal Reteffs 

Pulse transmission was measured 
on four amplifiers having band-pass 
characteristics as shown in Fig. 3. 
The term response as used here is the 
steady state responds of the circuit 
to an impressed sine wave of voltage. 
It should not be confused with the 
circuit's response to pulses. 

Data was taken for pulse lengths 
varying increasingly from that 
ien^ whidi just produced a per¬ 
ceptible decrease in the output pulse 
amiditude. That is, the pulse lengths 
were always sufficiently long to per¬ 
mit the output pulse to build up to its 
flat top portion. 


Figure 4 summarizes pulse round¬ 
ing data taken on the four amplifier 
circuits whose band-pass characteris¬ 
tics are shown in Fig. 8. Quadratic 
equations were fitted to the observed 
data to a precision of better than 6 
percent. These equations are tabu¬ 
lated below. 



no. a—•Typtecd eo t pst pslss wllli die pgi• 
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Ressded Pelte Trastmltsiee 

In some applications the widening 
of a pulse in transmission through 
a channel is of more interest than 
the time of rise; particularly is this 
true if clipping removes the rounded 
top of the pulse. It was expected that 
pulse width would bear a more or less 
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simple relation to pulse rounding and 
the curves plotted in Fig. 6 show this 
to be true. Adjusting all the data to 
a common linear trend line, the fol¬ 
lowing equation is arrived at 

TT-IOS + OTSA (6) 

where W is percent width, and JB is 
percent rounding. Or, the pulse 
width is increased by approximately 
the percent rounding. 

Frequently in practice we have to 
deal with only nominally square 
pulses. It is therefore of interest to 
know how much bandwidth require¬ 
ments may be relaxed if the system 
is not to be required to handle per¬ 
fectly square pulses. A series of 
measurements was made with a 
half-wave, rectified sine wave input 
pulse as representing a typical 
rounded pulse. Table I summarises 
the results of these measurements. 


Off-tune operation is frequently 
encountered in practice due to time 
and temperature drift or to faulty 
tuning adjustment. Pulse transmis¬ 
sion through amplifiers having char¬ 
acteristics A and C was investigated 
for several degrees of detuning and a 
comparison made with corresponding 
on-tune operation. Table II sum¬ 
marizes the results of these measure¬ 
ments. 

Dbcsttion of EMporimoBfol Pindiogs 

The derivation of Eq. 6 shows the 
length of pulse which can be trans¬ 
mitted with a specified amount of 
rounding through a circuit follows 
the same law of variation for both 
single- and double-tuned stages when 
the bandwidth is varied. This per¬ 
mits prediction of the effect of 
changes in the bandwidth of a cir¬ 
cuit upon output pulse shape, after 
drawing a family of such curves for 
various values of K, If circuits of 
the same configuration and the same 
pass-band shape are being compared, 
direct scaling may be employed after 



FIG. 5—Graphical rBprMMmtatloB el Eq. 5 
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Table I—Comparison of Transmission of Square and Half-Sine 

Wove Pulses 


Pulse 

Length 

Pulse Width 

^roent) 

Sine-wave Pulse 

Respons 

Characteristic 

A«sec 

Square Pulse 

(see text) 

1,300 

122 

108 

A 

600 

140 

121 

A 

680 

116 

96 

C 

260 

134 

117 

C 

220 

147 

132 

D 


Table II—Comparison of On-Tune ond Off-Tone Transmission 


On-Tune Off-Tune 


Pulse 

Round¬ 


Round¬ 


Ampli¬ 


Re¬ 

Length 

ing 

Width 

ing 

Width 

tude 

Devia¬ 

sponse 

(psec) 

(percent) 

i (per- 

(per- 

(per¬ 

(per- 

tion 

(per¬ 



cent) 

cent) 

cent) 

cent) 

rkc) 

cent) 



Transmission Characteristic A, Fig. 3 



1,300 

13 

122 

11 

120 

92 

+0.81 

89 

1,300 

13 

122 

7 

119 

60 

+1.71 

60 

1,300 

13 

122 

4 

118 

24 

+2.80 

33 



Transmission Characteristic C, Fig. 3 



260 

39 

134 

35 

133 

87 

+1.94 

99 

260 

39 

134 

20 

134 

62 

+8.74 

78 

680 

10 

116 

11 

117 

100 

-1.72 

101 

680 

10 

116 

5 

120 

55 

-4.79 

48 


Note: Amplitude is the amplitude of output pulse compared to amplitude when 
on tune 

Deviation is the displacement of carrier from center of pass band 
Response is the steady state aine-wave response of amplifier at stated 
deviation 
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K has been determined for a single 
bandwidth. 

As an illustration of the use of Eq. 
6, a computation was made to show 
the cost of improving the output 
pulse shape by progressive increases 
in bandwidth of a single-tuned amp¬ 
lifier, all the time maintaining a con¬ 
stant gain by increasing the number 
of stages. The gain, G, of a multi¬ 
stage, single-tuned amplifier, all 
stages of which are alike, is given by 


r.^T 

r ^ iT" 

La«cJ 



where 

Qm ^ iransQonductaaoe of amplifier 
tubes ^ 

F • percent reet^nae at which overall 
band width ie meaaured, expressed 
as a decimal 

C ■> total circuit cap^tanoe per stage 
n » number of identical stages 
Aw «> 2 V timea band width at point P 

For the purposes of computation 
the following assumptions were 
made: 

<7 - 66,400 
Om "■ 10,000 /unbos 

C -20MMf 
P -0.5 

Aw — 10^ when rounding b 60 percent 


The first computation made for 
Ao> = 10^ with an output pulse 
rounding of 60 percent, shows 3 
stages to be required in the amplifier. 
Reference to Fig. 6 shows L/K is 
equal to 145 for 60 percent rounding. 
To compute the bandwidth required 
for, say, 30 percent rounding we 
note that L/K equals 396, giving the 
new bandwidth requirement of 
Ao>ao = 396/145 A< 0 « = 2.73 x 10\ 
The value of n for 30 percent round¬ 
ing may now be determined from Eq. 
7. Figure 7, curve I, shows the com¬ 
plete data for the range of 10 to 60 
percent rounding for the conditions 
assumed. 

Curve II in Fig. 7 shows how the 
overall gain of a 5-stage amplifier 
of the above characteristics varies 
as its bandwidth is adjusted to yield 
output pulses with varying degrees 
of rounding. The data is plotted as 
loss of gain compared to the gain 
at a bandwidth giving 60 percent 
pulse rounding. 

The data presented in Fig. 7 show 
that relatively perfect transmission 
of square pulses comes at a high 
price, and indicates that very good 
economic reasons must be advanced 
to justify pulse transmission of a 
better quality than that which will 
give 30 to 40 percent rounding. 

The data given in Table I show 
that a square-wave pulse is increased 
in width more than a sine-wave pulse 
of the same length, when passed 
through the same amplifier, the aver¬ 
age difference being 17 percent in 
these data. For the case of the 
amplifier whose gain was computed 
in the example above, this would 
mean a saving of one stage if 50 
percent rounding were permissible, 
see Fig, 7, curve I; or, referring to 
Fig. 6, a pulse 47 percent shorter in 
duration could be transmitted if the 
input pulse were one-half sine wave 
instead of square wave in form. 

An examination of Table II re¬ 
veals that off-tune operation has sev¬ 
eral effects: the time of rise is 
decreased, pulse amplitude is de¬ 
creased, and pulse width changes 
very little if at all. 

Cemparitea of Single-Taaed aad 
De«ble«*hiMd Ceapling CIrcalti 

To examine the relative merits 


of single-tuned and double-tuned 
coupling circuits from the stand¬ 
point of pulse transmission, it is first 
necessary to determine at what com¬ 
mon response point the bandwidths 
of the respective circuits should be 
measured. That the comparison is 
markedly influenced by the choice of 
this point will be evident from data 
to be given later. In setting up the 
circuit having response character¬ 
istic D, Fig. 3, the bandwidth was 
so chosen that the pulse transmis¬ 
sion through this circuit was identi¬ 
cal to that through the circuit hav¬ 
ing response characteristic C. Figure 
4, curves D and C, will show the 
similarity in performance of these 
two circuits. 

First, considering the problem 
qualitatively, transmission through 
a circuit would be expected to vary 
in some manner related to the area 
under its frequency response char¬ 
acteristic, It would also be expected 
that of two response characteristics 
of equal area, if one had very wide 
flaring skirts, and the other steep 
skirts, better pulse transmission 
would be obtained with the latter. 
This is because an appreciable por¬ 
tion of the characteristic having flar¬ 
ing skirts is at frequency locations 
remote from the center of the band. 
The areas under the four response 
characteristics in Fig. 3 were deter- 
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Table III—^Areas Under Response 
Characteristics 


Table IV—ComporotiYe Center-Frequency Goins of Single 
Doubled-Tuned Circuits 


Response 
Ghuracieristic 
(see text) 

A 

B 

C 

D 


jVrea 

Mpiare unit' 

160 

800 

1,020 

1,090 


Coupling, Double- 

1-Stage 

Gain Per St^ige 
5-St^e 

Single Double 

10-Stage 

Tuned Circuits 

Single Double 

Single Doub 

Critical. 

66 

61 

20 3i 

14 

28 

Overcoupled, 2 percent dip. . 

66 

70 

20 12 

14 

36 

Overooupled, 8 percent dip. . 

66 

82 

20 54 

14 

48 


mined as listed in Table III. 

The manner in which the pulse 
length that may be transmitted 
varies with the area under the re¬ 
sponse curve of the circuit is then 
shown in Fig. 8, with percent round¬ 
ing as a parameter. These curves 
show the area under the response 
characteristic of a circuit is impor¬ 
tant in determining its pulse trans¬ 
mission capabilities. However, the 
discontinuities present in the curves 
indicate the shape of the transmis¬ 
sion characteristic is also of impor¬ 
tance. Comparing the data for 



FIG. 8—Miaimum pulM length •xprgfttd 
la l•fBU ol lha orao undar r«tpofui« char- 
aetaflitlc lor MTaral omplillart ot dillaraat 
pmaal xouadiag 


transmission characteristics A and B 
in Fig. 8, a certain rate of improve¬ 
ment in going from A to B is noticed. 
Now, comparing the performance 
with characteristics B and C, a much 
greater rate of improvement is 
found. Last, comparing data on 
characteristics C and D, a lower rate 
of improvement or actual deteriora¬ 
tion is obtained. Thus, going from 
a circuit having a response shape 
with narrow skirts to one with flar¬ 
ing skirts, but greater area, much 
less improvement in pulse transmis¬ 
sion is effected than in making a pro¬ 
portional change of area from flar¬ 
ing skirts to narrow skirts. It is 
evident the transmission shape 
exerts an appreciable influence upon 
the ability of a circuit to transmit 
square pulses. 


Table Ill shows transmission 
characteristics C and D to have sub¬ 
stantially equal areas, and curves 
C and D in Fig. 4 show these two 
circuits to have practically identical 
pulse transmission characteristics. 
Therefore, we may obtain from 
these two transmission character¬ 
istics a common crossover point for 
which a bandwidth specification may 
be stated. In this case, crossovers 
occur at 42 percent and 50 percent 
on either side of center in Fig. 3. 
That is, both amplifiers have identi¬ 
cal response at 455.3 kc (50 percent) 
and at 465.5 kc (42 percent). Then, 
on the average, the comparison point 
may be said to be at approximately 
46 percent response. 

More of the experimental data 
may be used in the determination of 
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the comparison point between single- 
tuned and double-tuned circuits if 
another method is employed. Pro¬ 
gressing through characteristics A, 
B, and D» in the order listed, the 
pass band becomes progressively 
wider and the skirts flare in increas¬ 
ing degree, as shown in Fig. 8. 
These three characteristics are, 
broadly speaking, similar, differing 
mostly as to bandwidth. Bandwidth, 
as measured from these character¬ 
istics, is plotted against pulse length, 
with the percent response at which 
the bandwidth is measured as a para¬ 
meter, in Fig. 9. The smooth curves 
connecting these points for a given 
percent response are extrapolated to 
the region where data from response 
characteristic C would fall. Now, 
the extrapolated curve most nearly 
passing through an observed point 
for characteristic C would indicate 
at what percent response the single- 
and double-tuned circuits should be 
compared. This response point turns 
out to be 55 percent, as compared 
with the 46 percent determined by 
the method above. 

The above determination of the 
response point at which comparisons 
of single-tuned and double-tuned 
circuits should be made was derived 


on the basis of a 1- or 2-stage ampli¬ 
fier. In practice, an amplifier will 
frequently have a greater number of 
stages. Consequently the overall re¬ 
sponse characteristics will have 
steeper skirts as the number of 
stages is increased, and it would be 
expected that the basis of compari¬ 
son for the two types of circuits 
would vary somewhat with the num¬ 
ber of stages in the amplifier. 
Accordingly, transmission charac¬ 
teristics C and D were raised to 
the fourth power to give the equiva¬ 
lent frequency response of an 8-stage 
amplifier, with the results shown by 
the solid curves in Fig. 10. The 
area under the D* curve was then in¬ 
creased to be equal to that under the 
C* characteristic, see dotted curve, 
making the two characteristics ap¬ 
proximately equally efficient for 
transmitting square pulses. For this 
moderate shift the previous data per¬ 
mits a comparison on the basis of 
equal areas. This assumption will 
not be rigorously Justified, but it is 
believed in the present case the small 
amount of extrapolation necessary 
does not unduly reduce the accuracy 
of the results. After this adjust¬ 
ment, the average crossover point is 
at 40 percent response. Comparing 


this with the 55 percent crossover 
point for two stages it is seen that 
increasing the number of stages in 
an amplifier decreases the value of 
the response point on the frequency 
characteristic at which a comparison 
of single-tuned and double-tuned 
circuits should be made. The above 
calculations may be generalized by 
saying that in the average multi¬ 
stage amplifier the pulse transmis¬ 
sion capabilities of an over-coupled 
and double-tuned amplifier and of a 
single-tuned amplifier will be identi¬ 
cal if their steady state frequency 
response characteristics have the 
same bandwidth at approximately 
the 45 percent response point. 

An analytical expression compar¬ 
ing single-tuned and double-tuned, 
over-coupled circuits would be too 
cumbersome for practical use. 
Therefore, a comparison will be made 
on a computed experimental basis. 
Computations have been made for 
single-tuned and double-tuned cir¬ 
cuits typical of those likely to be 
encountered in wide band i-f ampli¬ 
fiers. The following characteristics 

\\ ere assumed: 

/* = 30 me 

Capacitance ~ 22 /t/if total for 
single-tuned amplifier 

= 12 /i/xf per circuit 
for double-tuned amplifier 
G* = 9,000 /xmhos 
Stages = 1, 5, 10 
Response at which bandwidth is 
measured = 45 percent 

Primary and secondary circuits 
identical in double-tuned amplifier 
Couplings = critical, over-coupled 
2 percent dip at center, over-coupled 
8 percent dip at center 

Pulse rounding = 50 percent 
Pulse length = 1 ftsec 

Soadwidth Reqvireineati 

Referring to Fig. 8 and 4, curves 
D, it is seen the bandwidth required 
to transmit a l-fisec pulse is 0.0108 x 
190 = 1.96 me. That is, a single- 
tuned circuit, or an equivalent 
double4uned circuit, 10.8 kc wide at 
46 percent response will transmit a 
pulse 190 /Asec long with 60 percent 
rounding. Therefore, 190 times this 
bandwidth is required to transmit a 
1-/AS6C pulse. This is the overall 
bandwidth required regardless of the 
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0 I 2 3 4 ft • 7 

PULSE LENOTH IN MICROSECONDS 


FIG. 11—Bandwidth r^qulr^d at a function of pulio longth for throo dllforont porcont 

rounding 


number of stages. Thus, each stage 
of a lO-stage amplifier would be 1.96 
me wide not at 45 percent response, 
but at 0.45^*^ which equals 92.3 
percent response. Table IV sum¬ 
marizes the results of these computa¬ 
tions. 

These data show that for a single- 
stage amplifier there is very little 
choice between the single- and 
double-tuned type of coupling cir¬ 
cuits. However, as the number of 
stages is increased the double-tuned 
circuit shows an increasing advan¬ 
tage in gain over the single-tuned 
circuit. Whether the increased com¬ 
plexity of double-tuned circuit ele¬ 
ments is offset by the increased gain 
available can only be decided by a 
knowledge of the circumstances sur¬ 
rounding a given application. 

As a matter of interest. Fig. 11 
shows a series of curves giving band¬ 
width requirements for transmitting 
pulses varying in length between 0.1 
and 7 /isec with three different de¬ 
grees of rounding. Bandwidth is 
specified at the 45 percent response 
point. 

Pulse transmission through sev¬ 
eral types of single- and double-tuned 
amplifiers is investigated experimen¬ 
tally. The length of pulse that can 
be transmitted through a circuit 
with a given percent rounding, R, 
is found to be given by: L = /iC 
(1,000 — 26.2A 0.20/2*), where 

/iC is a function of the transmission 
characteristic of the circuit. In¬ 
crease in width of a pulse is found 
to be approximately equal to the 
amount of rounding. Amplifier de¬ 
sign requirements are found to be 


appreciably eased if pulse input is of 
the form of a half sine wave. Off- 
tune operation is found to result in 
a decreased rise time and a decreased 
output pulse amplitude. It is shovm 
that bandwidths of single and 
double-tuned circuits should be com¬ 


pared at approximately the 45 per¬ 
cent response points in determining 
their pulse transmission capabilities. 
In a multistage amplifier, double- 
tuned coupling circuits are shown 
to offer appreciable advantages from 
the standpoint of gain. 


Electronic Switch for the Production of Pulses 

Circuit provides variable pulse length, variable pulse rate, variable delay of synduro* 
wiping pip, and a means for introducing a steady-state signal upon which pulses may 
be superimposed, in a generator designed for laboratory use 

By G. R. SMITLEY and R. E. RRABER 

I N BacBNT YXAB8, laboratory work use o£ pulse techniques in many have been described In the litera- 

in the audio and ultrasonic fre- acoustical and electrical experi- ture’. Five desirable characteris- 

qusney ranass has required the meats. Various types of puisers tics, however, are not all included 
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in the devices described to date. 
These desirable factors are: 

(1) Pulse lengrth variable, by 
means of a calibrated adjustment, 
over a suitably wide range. 

(2) Pulse rate similarly adjusta¬ 
ble over a suitably wide calibrated 
range. 

(3) Pulse length and rate ad¬ 
justments entirely independent of 
one another. 

(4) Synchronizing pip for oscil¬ 
loscope trace synchronization, the 
pip occurring a suitable and ad¬ 
justable length of time before the 
beginning of the pulse. Control 
independent of pulse rate and 
length. 

(5) A means for introducing a 
steady-state signal upon which 
pulses may be superimposed, often 
required in studying high-gain 
systems utilizing automatic volume 
control. 

The device described below was 
built to meet the above require¬ 
ments and for general laboratory 
use. In addition, the following 
specifications were set up and are 
fulfilled: 

(a) Pulse length, or closure 
time, adjustable in steps between 5 
milliseconds and 250 milliseconds. 

(b) Pulse rate, or interval be¬ 
tween closures, adjustable in steps 
between 0.6 second and 2.9 sec¬ 
onds, with an auxiliary control pro¬ 
viding intermediate repetition rates 
throughout this rane. 

(c) Delay between the initiating 
pip, which is also used for oscillo¬ 
scope sweep synchronization, and 
the start of the pulse adjustable in 
steps between 5 milliseconds and 
250 milliseconds. 

(All of the above adjustments 
are independent of one another). 

(d) Frequency range of the 
signal to be switched, 1 kc to 
100 kc. 

(e) Maximum peak output volt- 
age, approximately 6. 

(f) Dynamic range of pulse out¬ 
put, 30 db. 

(g) Steady state non-pulsed sig¬ 
nal, automatically pulsed signal or 
a hand-keyed output pulse available 
by the operation of suitable 
switches. 


(h) A visual signal indicating 
when a pulse is initiated. 

Operofing Prlneipl* 

A block diagram of the circuit 
components employed in the pulser 
appears in Fig. 1. Voltage wave¬ 
forms, and times of occurrence, ob¬ 
served in various portions of the 
system are indicated above the 
components. 

A gas-tube R-C sawtooth oscilla¬ 
tor is used as the rate .control. The 
oscillator output is differentiated 
and the resulting negative voltage 
pulses are used to trigger a delay 
multivibrator and to provide syn¬ 
chronizing pulses for oscilloscope 
sweep synchronization. 

The delay multivibrator remains 
fired for the interval of time tj to 
U The differentiated output con¬ 
sists of a positive pip at time t, 
and a negative pip at time t, as 
shown. The negative pip triggers 
the length multivibrator at time f, 
and this remains fired for the time 
interval f, to fa. 

The rectangular, positive output 
pulse from the length multivibrator 
is impressed through a d-c restorer 
to the suppressor grids of the 
switch tubes. The restorer pro¬ 
vides a suitable cutoff bias for the 
switch tubes except during the 
interval t, to when the switch 
tubes are rendered conducting by 


the positive length-multivibrator 
pulse. 

The switch circuit has been 
described elsewhere*. This circuit 
has a useful dynamic range of 
about 30 db and has negligible 
switching transient output over the 
range of signal levels employed. 

The signal input may be con¬ 
nected for steady, automatic, or 
hand-key operation by means of a 
selector switch. With this switch 
in position 1 the input signal is 
applied directly through the level 
potentiometer and the mixer ampli¬ 
fier to the grid of the output 
cathode follower. This position is 
incorporated for convenience in ob¬ 
serving the non-switched input 
signal and, in effect, shorts out the 
electronic switch. 

With the selector switch in posi¬ 
tion 2, a non-switched output of any 
level from zero to maximum may 
be obtained as in position I. The 
output of the switch tubes is added 
to this in the mixer amplifier. An 
auxiliary control regulates the 
maximum amplitude of the switch- 
tube output. By means of the two 
controls, any desired relative level 
of pulsed and non-pulsed signals 
may be obtained. 

In position S, a hand key may be 
used to turn the output on and off. 

The schematic diagram of the 
pulser appears in Fig. 2. The gas- 
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tube R-C sawtooth oscillator 
prised of Vu C„ and Rx plus th: 
attenuator will be noted in the 
upper left of the figure. In opera¬ 
tion, Cx charges through Rx and the 
attenuator until the drop across C, 
reaches the ignition voltage of V^. 
Tube Vx then fires and discharges 
Cl through protective resistor Rn 
until the extinction voltage of Vx is 
attained,’ after which the above cy¬ 
cle is repeated. The repetition rate 
is determined by the calibrated at¬ 
tenuator and the intermediate con¬ 
trol 

The discharge time constant of 
RjCu ia very much smaller than the 
charge time constant so that a saw¬ 
tooth oscillator output voltage is 
obtained. This is differentiated by 
Ca and Ru and the resulting nega¬ 
tive voltage pip is used to trigger 
the delay multivibrator and 
The length of the positive delay 
multivibrator output pulse appear¬ 
ing at the plate of F*, is controlled 
by the associated capacitor switch¬ 
ing system. The front edge of this 
pulse occurs at the instant Vx fires 
and is used for synchronizing. 

The delay multivibrator output is 


differentiated by C, and /?« and the 
negative voltage pip resulting at 
the end of the pulse is used to trig¬ 
ger the length multivibrator 
and Vai.. The length of the positive 
length multivibrator output pulse 
appearing at the plate of F,. is con¬ 
trolled by the associated capacitor 
switching system. 

It is evident from the above that 
the repetition rate, delay, and 
length of pulses are all independ¬ 
ently adjustable. 

The switching pulses from the 
length multivibrator are impressed 
on the suppressor grids of the 
switch tubes F... and F« through C* 
and Rt., The output side of C« is con¬ 
nected to ground through F^, which 
acts as a d-c restorer or charging 
rectifier. By this means, the sup¬ 
pressors are maintained at a suffi¬ 
cient average negative potential 
with respect to ground as to cut 
off the switch tubes except during 
the pulse intervals. 

The operation of the switch tubes 
is described in detail elsewhere”. 
The signal to be pulsed is impressed 
on the grid of The output pulses 
appear at the plate of this tube and 


are impressed across R» through C*. 
Resistor R: is an adjustable type 
which is used in initially adjusting 
the switch for minimum, no-signal, 
switching transient output. 

The operation of the selector 
switch was described under the dis¬ 
cussion of the block diagram. Tubes 
Vx„ and Frb are the mixer tubes 
previously mentioned, and F, is the 
output cathode follower. A VR- 
stabilized power supply, details of 
the attenuator, and the capacitor 
switching system complete the dia¬ 
gram. 

In the alignment process the de¬ 
vice is first turned on and allowed 
to warm up. The vertical plates of 
an oscilloscope are connected to the 
sync output terminals and the delay 
multivibrator control, /?», is ad¬ 
justed until rectangular output 
pulses are observed on the oscil¬ 
loscope for all positions of the rate 
and delay control settings. In addi¬ 
tion, it should be noted that the 
flashing of Fi occurs simultaneously 
with the synchronizing pulses. The 
oscilloscope is then connected to the 
output terminals and the length 
multivibrator control JfZio is adjusted 
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so that symmetrical output pips are 
obtained for all combinations of 
rate, delay, and length settings. 

After the multivibrators have 
been adjusted, the switching tran¬ 
sient control jRt in the plate of V. 


is adjusted for minimum no signal 
output with an oscilloscope con¬ 
nected to the output terminals. 

Waveforms that should be ob¬ 
tained for each of these adjust¬ 
ments are indicated on the block 


diagram of this instrument. 
RflPlBBNCBS 


<1) Scheueh, D. B.. and Cowan. F. P., 
T^aboratorj Pulae Generator With Variable 
Time Delay, Rev. Bei. p 223, June 

1946. 

(2) Butz, Jr., A. X., Burseleae Volume 
Expander, IClbcteonics, p 140, Sept. 1946. 


Stable Voltmeter 

By means of a compound feedback circuit extreme stability is obtained in a conductively 
coupled electronic instrument. Positive feedback produces an effectively infinite gain 
that is highly degenerated by negative feedback 

By R. W. GILBERT 


V ACUUM TUBE amplification to 
extend the sensitivity of direct 
indicating electrical instruments 
has attracted the attention of 
numerous investigators, resulting 
in many effective methods for ob¬ 
taining stability beyond that 
normally required for sound ampli¬ 
fication. The impedance coupled 
alternating-current instrument am¬ 
plifier has been particularly highly 
developed, largely by properly ap¬ 
plied degeneration effective over 
the frequency range desired. The 
conductively coupled amplifier, re¬ 
sponsive to both alternating and 
direct current, has however proved 
more difficult because of circuit 
limitations imposed by the 
necessity for both amplifying and 
degenerating through the conduc¬ 
tively coupled circuit loop. 


Coaditioa for Sfobillty 

Broadly the attainment of stabil 
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ity in the face of variable tube 
coefficients is a problem of sacrific¬ 
ing a maximum of inherent ampli¬ 
fication by degeneration, resulting 
in less gain but a proportionately 
greater stability. From this view¬ 
point it is apparent that the opti¬ 
mum combination is an infinite 
inherent gain which is completely 
degenerated, resulting in an am¬ 
plifier having a nominal overall 
gain and first order independence 
of variations in tube coefficients. 

At first it would appear possible 
only to approach but not obtain 
this condition because infinite gain 
considered as a separate function 
would be on the threshold of self- 
sustained oscillation. However, the 
superposition of degeneration ex¬ 
erts a stabilizing influence, and, 
unless inhibited by the time con¬ 
stants of the circuit, a stable 
overall system is possible. The 
present circuit is capable of ad¬ 
justment to and beyond this ideal 
condition, and in practice reduces 
the influence of tube variables en¬ 
tirely to a second order effect. 

Consider the circuit of Fig. 1 
wherein the plate of the triode is 
conductively coupled to the grid 
through a battery equal to the 
voltage normally existing between 
these elements in a conventional 
amplifier circuit. Coupling of this 
nature is essentially degenerative 
in direction inasmuch as any plate 
voltage variation is transmitted to 


the grid as a corrective control to 
partially restore the original plate 
voltage. If an input voltage e is 
injected in series with the grid the 
voltage change E appearing at the 
plate is in a direction to reestablish 
the original grid voltage through 
the coupling battery. Thus the 
plate voltage shift is a measure of 
the input voltage, but less by an 
amount that is a function of the 
amplification factor. 

For this condition the feedback 
relationship (Regeneration Theory' 
by H. Nyquist, 11, 1932, 

Jan., p 126) applies 

R M 

Overall voltage ratio ~ Mb^ l 

where M is the amplification factor 
(voltage ratio) of the tube proper 
in its circuit without feedback, 
and b is the transfer characteristic 
of the feedback loop, in this case 
the plate-grid degenerative connec¬ 
tion. But here plate voltage changes 
are transmitted entirely to the grid 
so b is unity, and Eq. 1 becomes 


From this equation it is apparent 
that as M becomes larger the over¬ 
all amplification factor approaches 
unity and, which is more important, 
becomes more independent of 
changes in M, 

This circuit is similar in func¬ 
tion to the conventional cathode 
follower circuit except that the 
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FIG. 2—^R»g«ii«ratiT 0 {••dback to auxiliary grids ineroosos FIG. 3—^Proctlcal circuit Incorporatos cothodo-eouplod Isola- 
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resistance mutual to the input and 
output circuits is in the form of 
a plate resistor rather than a 

cathode resistor. The circuit may 
thus be considered as a ‘‘plate 
follower” in distinction to the 
cathode follower type of circuit. 

Roalixliig tho Conditions 

The absence of cathode resistance 
permits the introduction of addi¬ 
tional tube elements without involv¬ 
ing their operation with the 
degenerative function of the control 
grid. In the two-tube circuit of 
Fig. 2 this feature of independence 
allows the introduction of a second 
grid to obtain regeneration, re¬ 
sulting in an effective increase in 
M, The second grid of each tube is 
crossed to the plate of the opposite 
tube to obtain regeneration in a 
manner similar to the action of a 
multivibrator. An adjustable 
plate-to-plate shunting resistor 
allows adjustment of the degree of 
regeneration. In practice the sec¬ 
ond grid is most conveniently the 
screen grid of a standard pentode, 
which is designed to operate at 
voltages comparable to the plate 
voltage without secondary emission 
complications. 

If the control grids are tem¬ 
porarily made ineffective, for 
example by disconnecting and bias¬ 


ing from a separate source, and the 
regeneration control increased, a 
point of instability will be reached 
where the circuit will fall over, one 
tube blocking and the other con¬ 
ducting in the manner of a half 
cycle of multivibrator operation. 
At this point the circuit is critically 
regenerated and is essentially an 
amplifier of infinite gain. If the 
control grids are then reconnected 
to the degenerative coupling 
batteries all tendency toward insta¬ 
bility will be restrained by super¬ 
imposed degeneration and the 
circuit will function as the circuit of 
Fig. 1 containing a tube of infinite 
M, In fact the regeneration con¬ 
trol may be further advanced and 
the circuit operated in the seem¬ 
ingly impossible region of greater 
than infinite (negative) internal 
gain. 

With the circuit adjusted to this 
point of critical regeneration, the 
control grids exert only a transient 
type of control upon the tube space 
paths, while the regenerated screen 
grids and plates do the actual work 
of establishing the output voltage. 
If the control grid-cathode voltages 
are observed while an input 
voltage is applied, no change 
is noticeable, and this condition 
of zero grid excursion may 
be used in practice as the 
criteria for adjustment of the 


regeneration control. If the regen¬ 
eration control be adjusted above or 
below the critical point while the 
circuit is subjected to an input vari¬ 
ation, a control grid excursion will 
appear but of a polarity with re¬ 
spect to the input dependent upon 
the direction of misadjustment. 

In a practical instrument ampli¬ 
fier the feature of zero grid excur¬ 
sion for a tangible plate voltage 
output means a materially more 
linear relationship between input 
and output because the plate and 
screen grid variational factors are 
more constant over wider voltage 
excursions than the control grid. 
Also the tubes can be operated at 
the quiescent grid current point 
throughout the range of input, 
minimizing grid current demand in 
sensitive direct-current applica¬ 
tions. 

SigsIficaBce of Circalf Cbaracferltflci 

When critically regenerated, the 
circuit also has the interesting 
property of behaving as an output 
voltage source of zero variational 
resistance within functional limits. 
In operation with an input voltage 
applied, the output voltmeter may 
be shunted to demand more output 
current without affecting: its read¬ 
ing. Conversely series resistance 
may be added to the coupling bat¬ 
tery circuits without affecting the 
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output reading. In either case the 
plate to screen-grid regenerative 
action supplies the additional out¬ 
put energy without requiring any 
static change in the control grid 
potentials, so the overall voltage 
ratio remains constant. Insufficient 
regeneration causes a positive vari¬ 
ational resistance to appear, and 
excessive regeneration causes 
a negative variational resist¬ 
ance. In the latter case shunting 
the output voltmeter will increase 
its reading. Naturally if regenera¬ 
tion is increased beyond the critical 
point to where the negative resist¬ 
ance looking into the output end of 
the amplifier is greater than the 
positive resistance within the output 
voltmeter, the circuit will become 
unstable and fall over. Also as re¬ 
generation is increased from the 
optimum critical point to the point 
of instability the overall voltage 
ratio varies to infinity. These ef¬ 
fects have no probable practical sig¬ 
nificance but serve to demonstrate 
the fact that considerable latitude 
exists between the point of opti¬ 
mum adjustment and the region of 
instability. In fact unless the re¬ 
sistance of the output voltmeter is 
quite low, complete removal of the 
regeneration control resistor will 
not produce instability in standard 
pentode type tubes. 

When used as a d-c amplifier the 
question of zero stability becomes 
of interest. No material advantage 
over conventional d-c amplifier cir¬ 
cuits is apparent in respect to sta¬ 
bility, but in general the usual pre¬ 
cautions apply. Use of two tubes in 
opposition reduces the effect of con¬ 
tact potential variations to a differ¬ 
ential rather than a direct effect, 
80 that regulation of the heater sup¬ 
ply voltage, if necessary, is really 
effective. The major cause of zero 
drift then becomes the differentials 
between the two tubes that change 
with time, which fundamentally 
cannot be compensated and can 
only be reduced by the use of 
matched tubes. 

PracficttI Circalf 

The circuit of Fig. 8 is essentially 
the circuit of Fig. 2 reduced to a 


practical arrangement. The coup¬ 
ling batteries are replaced by cold- 
cathode gas voltage regulator 
tubes which have sufficiently low in¬ 
ternal variational resistance not to 
load the output circuit unduly. The 
input tubes are followed by a stage 
of cathode followers primarily to 
remove the output load and the 
regulator tube current from the re¬ 
generative portion of the circuit. 
Without the buffer action of the 
cathode followers it might prove 
impossible to supply the desired 
output without loading the input 
tubes to the point where critical re¬ 
generation is not attainable. While 
a battery plate supply is shown for 
simplicity, the circuit is particu¬ 
larly adaptable to service power 
supply with a minimum of filtering 
because the regulator tubes effec¬ 
tively regulate the element voltages. 


This regulation together with the 
zero resistance output characteris¬ 
tic removes virtually all supply 
voltage ripple from the output. 

The gas regulator tubes unfor¬ 
tunately have a small equivalent in¬ 
ternal inductance due to the total 
ion mass in the space path. In an 
alternating-current amplifier this 
inductance causes an additional out¬ 
put loading factor that manifests 
itself increasingly with increasing 
frequency. This inductance is in 
the order of six millihenrys in small 
tubes (Type 991, etc.) and 80 mh 
in larger tubes such as the VR 
series, at normal operating current. 
Capacitive bypassing has limita¬ 
tions because, if sufficiently heavy, 
the tubes may be damaged when 
starting. Also resonance against 
the internal equivalent inductance 
can actually increase the loading at 
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the resonant frequency. However, 
as an instrument amplifier applica¬ 
tion is limited largely to d-c and a-c 
not exceeding audio frequency, 
where this inductive loading effect 
is not serious. 

For simplicity of explanation it 
is assumed that the circuit of Fig. 3 
is arranged to provide a voltage 
ratio of unity, whereas any voltage 
ratio is possible by incorporating 
a degenerating network rather than 
a simple mutual resistance. Also 
four basic operating combinations 
are possible; voltage input with 
voltage output, voltage input 
with current output, current 
input with voltage output, and 
current input with current out¬ 
put. These combinations are 
shown in Fig. 4 as changes 
to the circuit of Fig. 3, to¬ 
gether with the expressions for the 
gain in each case. Note that for 
current input a current balance net¬ 
work is employed rather than adapt¬ 
ing the voltage input circuit to cur¬ 
rent by passing the input current 
through an input shunt. This cur¬ 
rent balance arrangement balances 
the input terminals to zero poten¬ 
tial, maintaining effectively zero 
resistance looking into the input 
end of the amplifier. Thus in the 
case of current as well as voltage in¬ 
puts the circuit demands no energy 


from the input source. 

Drift 

In common with all conductively 
coupled amplifiers the circuit is in¬ 
herently a high input impedance de¬ 
vice and is at a disadvantage from 
the standpoint of zero stability 
when operated from low impedance, 
low voltage sources such as a ther¬ 
mocouple. The tendency to zero 
drift is caused principally by con¬ 
tact potential variations within the 
input tubes, but all circuit compon¬ 
ents contribute more or less to the 
total drift. However, for simplicity 
the amount of drift that can be ex¬ 
pected from the tube circuit proper 
is best expressed as the equivalent 
grid potential variation, or the 
amount of grid potential change re¬ 
quired to rebalance the circuit after 
drift has taken place. The effect of 
this potential change in terms of 
output can then be calculated from 
the constants of the degenerating 
network, and expressed as a drift 
factor D for any set of conditions. 
The expression for the drift factor 
is given in Fig. 4 for the four basic 
degenerating networks in terms of 
the equivalent grid potential drift 
variations e,.. Note that in the case 
of current input the resistance of 
the input current source is effec¬ 
tively in parallel with the grid 


circuit and enters the expression. 
The drift factor expresses the ratio 
of expected drift to full scale output 
or input, and can be multiplied by 
100 to obtain the expected drift in 
percent. Note also that the load 
presented to the amplifier output Ro 
does not enter the drift expression 
because an optimum adjustment of 
regeneration is assumed; in case of 
misadjustment the load resistance 
will have a small second order effect 
upon drift. 

In practice e,. can be determined 
experimentally by setting up the 
unity gain circuit of Fig. 3 with the 
input terminals short circuited. As 
the circuit drifts, e,. is read directly 
on the output voltmeter. 

An experimental design of elec¬ 
tronic d-c voltmeter using the com¬ 
pound feedback circuit was built. 
This particular instrument includes 
features of convenience such as in¬ 
put polarity reversal and center 
zero switch positions, and means 
for calibration and zero adjustment 
without disconnecting the input. It 
contains an input network for four 
voltage ranges from 100 millivolts 
to three volts. An experimental com¬ 
panion instrument for current 
measurements down to 0.1 micro¬ 
ampere full scale, similar in appear¬ 
ance to the electronic voltmeter, 
was also designed. 


Pulse Response of Diode Voltmeters 


Corrections necessary in the calibration of a typical peak-reading, vacuum-tube voltmeter 
used to measure pulse amplitudes are determined from theoretical analysis and checked 
against measurements. Means are suggested for calibrating, and improving performance 


P EAK VALUES of pulse voltages 
must frequently be measured in 
such circuits as radar and pulse- 
modulation systems. There are sev¬ 
eral methods, the most popular be¬ 
ing the cathode-ray oscilloscope and 
the diode, vacuum-tube, peak volt¬ 
meter. Each instrument has its own 


BY ALLAN EASTON 


particular advantages, and is se¬ 
lected partly for its technical fac¬ 
tors, partly for its convenience. 

The familiar vacuum-tube, peak 
voltmeter, based upon the rectify¬ 
ing properties of a diode, has been 
used for many years for measure¬ 
ments of sinusoidal voltages. Refer¬ 


ences in the literature are frequent 
and the nature of its shortcomings 
has been discussed.' * * It is only 
possible to use this type of vacudm- 
tube voltmeter for pulse voltage 
measurements if sufficient informa¬ 
tion concerning the characteristics 
of the instrument, as well as the na- 
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TABLE J-DEFINITIONS OF SYMBOLS 




—capadtance 

—^baae of natural logarithm 
—maximum value to which 
capadtor charges 
—minimum value to which 
capadtor discharges 
—^peak amplitude of measured 
pulse 

voltage resulting from 
rectification and integration of 
pulse waveform 
—time constant dur^ h 
—time constant during ft 
—pulse repetition frequency 
—correction factor for vtvm 
—total resistance during 
chaining 

—total ^ resistance during dis¬ 
charging 
Rn —diode conducting resistance 
R§ — source resistance 
ti —duration of charging interval 

(t —duration of dis^arging inter¬ 

val 

T —period of pulse 


ture of the source to be measured, 
is available. 

A circuit diagram of a typical 
vacuum-tube voltmeter is shown in 
Fig. lA. Many variations of the cir¬ 
cuit exist but the basic analysis is 
similar for each type. The magni¬ 
tude of the direct voltage output (a 
measure of the source potential) is 
indicated by a d«c microammeter 
either directly, or through an am¬ 
plifier. This part of the circuit is 
not shown as it has little bearing 
on the analysis to be presented. 

Fig. IB is the equivalent circuit. 
In order to derive an expression for 
the relationship between Eoe and 
defined in Table I, several assump¬ 
tions are required. It is assumed 
that the source resistance Rg can be 
combined with the diode resistance 
Ro to form Rt, The diode is regarded 
as perfect, that is, the resistance in 
the conducting direction is constant 
and equal to Ro, an^ the resistance 
in the nonconducting direction is in¬ 
finite. Leakages in capacitor C and 
in the rest of the circuit shunting C 
are combined in The duration of 
the pulse is assumed to be short 
compared with the period. 

The positive pulse voltage, shown 
in Fig. 2A is impressed across the 
terminals marked 1 and 2 In Fig. IB. 
During the charging interval t,, C 
is charged through Rt and then for 


a time t, partially discharged 
through i?,. The phenomenon is re¬ 
peated periodically and eventually 
reaches the steady state condition 
depicted by Fig. 2B. 

The maximum value to which C 
can be charged is 

«i * et + (co — cj) (1 -- 4 (1) 

*" + («» — 

The minimum potential to which 
C can fall is 

~a.t„ ^ 

* - ( 2 ) 

Equations 1 and 2 can be manipu¬ 
lated to obtain 

(3) 


(4) 

Fracfleal SimpliSeofioRs 


and 


eo(l 

1 - r“‘‘‘ 





FIG. 1—(A) At tb* l«it is th« r«ctill«r por¬ 
tion of a typical diodo voltmotor. At tho 
rigbl li tho oquivoloat of a drcnlt undor 
moaiuromont. (B) Tho olmplifiod. oquiv- 
alont circuit of a diodo voltmotor uooo a 
•witch to roprotont tho diodo 


It is desired to obtain an expression 
relating Edc and the several factors 
appearing in the equations. The d-c 
potential across C is 

1 1 

yJ (S) 

Integrating, evaluating, and sim¬ 
plifying, we obtain 


eo^i 










(•“-D 

( 6 ) 


Equation 6 is an exact expression 
for Eor limited only by the simplify- 


FIG. 2—-(A) Puloo oppUod to diodo voltmotor. ond (B) piaUatiag d-c dovolopod ocrom 

motor capadtor 
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ing assumptions stated above. The 
equation in this form is unwieldy 
but may be simplified considerably 
if 

ai/i < 1 

atU < 1 (7) 

caT <1 

This simplification is justified be¬ 
cause the pulses under discussion 
are relatively short in duration. 
However the voltmeters will per¬ 
form accurately with long pulses, as 
will be demonstrated later. Also Ui 
and a, may be made as small as de¬ 
sired by increasing the size of ca¬ 
pacitor C. This practice will be jus¬ 
tified later in the discussion. 

If Eq. 7 is correct, the approxi¬ 
mation e* = 1 -f ® may be employed. 


Equation 6 then reduces to 

( 8 ) 

Equation 3 may be simplified, using 
the same assumptions, to 
into Eq. 7 will show that over the 
larger part of the range of narrow 
pulse width and pulse repetition 
frequencies the approximation is 
not in great error. 

Figures 3, 4 and 5 are plots of 
Eq. 11. Note the effect of the vari¬ 
ous parameters on the meter cali¬ 
bration. It can be seen from these 
curves that, unless the four factors 
can be evaluated, the diode vacuum- 
tube voltmeter may indeed be quite 
misleading. The curves of Fig. 4 
and 5 are identical in shape indi¬ 


cating that it is possible to improve 
meter accuracy for any given values 
of U and U by either making Rx 
small or very large. In practice, 
Rg is not usually made more than 10 
megohms because of leakage diffi¬ 
culties. In certain military equip¬ 
ment destined for operation in 


€o CtUi 

** — otiti -h ot»ti 


(9) 


From which 


Epc 


<S0 Oittl 

rs/ — - II I . —i 

- ttltl 4“ 


( 10 ) 


Equation 10 may be restated, in 
terms of the original quantities, as 


Edc ® €\ 


iilti 4" tj/Ji 


( 11 ) 
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FZG. 7 —cotliod«-lollow«r reduces circuit 
loading by tho motor and proTonIs circuit 
impodonco from offoctlng tho motor indica* 
tion 

It should be noted at this point 
that Edc is independent of C as long 
as C is sufficiently large to make 
Eq. 7 valid. Intuitively, one might 
suspect from examination of the 
circuit that one could replenish the 
loss in amplitude of the charging 
voltage due to the long charging 
time constant by making C larger. 
Equation 2 shows this is not the 
case. Substitution of typical values 
humid climates, use of resistors 
larger than one megohm is unde¬ 
sirable. The limiting value of is 
the diode resistance plus the source 
impedance. 

CorraetioRs 

A typical commercial diode-type 
vacuum-tube voltmeter uses ap¬ 
proximately the following constants 

Hi ^ 1000 ohms 
Hi » 10 megohmn 
C O.Ol nf 

Reference to Fig. 4 indicates that 
this instrument will read approxi¬ 
mately half the peak pulse value 
when a one microsecond pulse of 100 
cps repetition frequency is im¬ 
pressed on its terminals, therefore 
a correction factor should be deter¬ 
mined. 


Equation 11 may be restated in a 

slightly different form 


So *■ kEoo 

(12) 


(13) 

and a U ^ T 



(14) 


Because the usual commercial, 
diode, vacuum-tube voltmeter is 
calibrated in rms values, that is 
0.707 of peak, Eq. 14 should be mod¬ 
ified to 

~ VT Eoc [l + (f)(1)] (15) 

and 

‘ - VT [. + (i)(|)] ('« 

Equation 16 gives an expression for 
a multiplying factor by which the 
meter reading must be corrected to 
indicate the pulse amplitude. 

A circuit w^as set up similar to 
that shown on Fig. lA. A 6AL5 
diode with an Rn equal to 300 ohms, 
was used. Figure 6 shows the ex¬ 
perimental results compared with 
the theoretical values computed 
from Eq. 16. The agreement is 
fairly close, within plus or minus 
ten percent. 

It can be seen from the above dis¬ 
cussion and from study of the 
curves that this type of voltmeter 


has anything but high input im¬ 
pedance under pulse conditions. 
The impedance of the diode volt¬ 
meter may be arbitrarily specified 
as being equal to the source im¬ 
pedance when 

£:»c = -f-eo (17) 

It is difficult to define this imped¬ 
ance precisely because it is depend¬ 
ent on the pulse duration, repetition 
frequency, and amplitude, as well as 
circuit constants. Reference to Fig. 
3, 4 and 5 shows that the input im¬ 
pedance may be well below 1000 
ohms even though R 2 is equal to 
10 megohms. 

ImproviRg VolfRiRtRr PerformoRCR 

Utility of Eq. 16 is limited by 
the difficulty in evaluating the mag¬ 
nitude of Rx. In most cases it is pos¬ 
sible to estimate the source resis¬ 
tance with fair precision; but the 
diode resistance is difficult to deter- 


i^isov" 
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mine. The diode resistance differs 
from tube to tube and, what is 
worse, is dependent on current. 
Thus depends on the magnitude 
of Co as well as values of a, and aa. 

A simple cathode follower similar 
to that shown in Fig. 7 will help 
improve the diode performance in 
some measure. Variations in Rs 
will have no effect on meter cali¬ 
brations, providing is small 
compared with the input resis¬ 
tance. Under this condition Ri 
will be quite small, possibly 600 


ohms or less. This low resistance 
will enable calibration of an instru¬ 
ment and computation of a correc¬ 
tion curve based only on pulse width 
and repetition frequency. 

Pulse stretching can sometimes 
be utilized as a means of making the 
instrument usable on narrower 
pulses. Figure 8 illustrates a pos¬ 
sible arrangement. It is necessary 
to proportion jRb and C» so that com¬ 
plete recovery, 99 percent, can occur 
between successive pulses. At the 
highest repetition frequency, 


should be small enough to permit 
e to reach at least 99 percent of 
final value during the narrowest 
pulse to be measured. These pre¬ 
cautions are necessary to minimize 
loss of peak amplitude and conse¬ 
quent loss of accuracy. 
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High-Frequency Crystal Voltmeter 


By I. F. rySOB 



FIQ, 1—Circuit diagram pI crystal volt- 
mttpr 


A CRYSTAL voltmeter is useful in 
measuring the gain and response 
characteristics of the r-f and i-f 
circuits in f-m and television re¬ 
ceivers. Such an instrument is 
physically small, and when built in 
probe form can be easily connected 
to the point of measurement. In¬ 



herently, it has high sensitivity and 
when used with a 10-microampere 
meter will indicate r-^f voltages as 
low as 0.06 volt. 

The voltmeter described here 
uses a type 1N28 crystal rectifier 
connected as shown in the circuit 
diagram of Fig. 1. Other crystals 
such as types 1N21 or 1N25 can 
also be used. On the input side, 
load resistor Rt and a ceramic d-c 
blocking capacitor C, are built into 
the probe. On the output side, the 
r-f components of the rectified cur¬ 
rent are b 3 rpassed to ground 
through a button mica capacitor C» 
and the direct current to the micro¬ 
ammeter is filtered by resistor R» 
and a button mica capacitor C.. 

The physical arrangement of the 
various parts is shown in the cross- 
section assembly view of Fig. 2. 
The smaller diameter half of the 
probe has the ground and high 
potential input tabs and contains 
the blocking capacitor and load re¬ 
sistor. The shielded microammeter 
lead is brought out of the other half 
which houses the button-tirpe by¬ 
pass and filter capacitors and the 
filter resistor. Note that the large 
end of cylinder B is made to slide 
fit into cylinder A and a clip from 
an octal socket is soldered to the end 
of the lOO-fi/tf Ceramicon capacitor 
to receive the contact of the crystal. 


The larger, probe end of the crystal 
is held firmly by a finger contactor. 
Thus, the entire probe is separable 
near its center for easy insertion of 
the crystal cartridge. 

Fig. 3 is a typical calibration 
curve of the crystal voltmeter using 
a 1N28 crystal. Measured charac¬ 
teristics of several 1N28 crystals 



FIG. 3—Typical calibration curro of the 
cryetal voltmeter ueing a 1N28 cryetal 
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indicate that their sensitivities are 
in the order of 700 to 1,200 micro¬ 
amperes per volt squared and that 
they have square-low input-output 
characteristics only for inputs up 
to approximately 0,1 volt. The com¬ 
pact construction of the probe, 
minimizes lead inductances and 
stray capacitances, and the low 
value of load resistance, 270 ohms, 
serve to maintain an input-output 
characteristic substantially inde¬ 
pendent of frequency from 60 me to 
at least 250 me. At frequencies be¬ 
low 50 me, the response falls off 
gradually. 

The crystal voltmeter has been 


checked for susceptibility to bum- 
out. Peak surges of 500 volts d-c or 
180 volts, 60-cycle a-c have shown 
no effect on the calibration. Like¬ 
wise, it has been determined that 
the crystal can withstand r-f volt¬ 
ages to produce approximately 1 ma 
of direct current, without effect on 
calibration. Higher r-f voltages, 
or mechanical shocks may, of 
course, cause a change in calibra¬ 
tion or permanent damage. 

The crystal voltmeter is intended 
for observation of r-f voltage across 
low impedances such as the output 
terminals of a signal generator or 
a low-resistance plate load of an 


amplifier tube. Care should be ex¬ 
ercised in connecting the probe for 
high radio-frequency measure¬ 
ments to avoid excessive lead length 
and the addition of stray capaci¬ 
tance. When making measurements 
at low frequencies, say below 60 me, 
it should be remembered that the 
100-M/tf d-c blocking capacitor has 
appreciable series reactance. It 
will be observed that the action of 
the microameter needle is somewhat 
sluggish due to damping by the 
crystal resistance. A short time 
should therefore be allowed for the 
needle to come to rest before read¬ 
ing the meter. 


Measuring Complex Components 

Real and imaginary components of unknown voltage are directly indicated in sign and 
magnitude relative to reference voltage by audio-frequency vacuum-tube voltmeter. 
Instrument simplifies measurements on amplifiers and filters. Operation is described 


T he instrument discussed in 
this paper is a vacuum-tube 
voltmeter that indicates directly 
the real and imaginary components 
of an unknown voltage, in terms of 
a reference voltage. The voltmeter 
has full-scale ranges of 1, 5,10, and 
50 volts and the frequency range 
extends throughout the audio 
spectrum, 20 to 20,000 cycles per 
second. 

There has long been a need, par¬ 
ticularly in the field of communica¬ 
tions, for an instrument that would 
measure unknown alternating volt¬ 
age in terms of its^real and imagi- 
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nary components, with respect to a 
second voltage used as reference. 
This need is especially true in 
measurements on filters, attenuat¬ 
ors, and amplifiers where a knowl¬ 
edge of phase shift may be impor¬ 
tant. The instrument will perform 
such measurement at any frequency 
within the audio range. Its opera¬ 
tion is based upon the well known 
fact that the magnitude of the vec¬ 
tor sum of a large voltage and a 
small voltage is very nearly equal 
to the sum of the large voltage and 
the in-phase component of the small 
voltage. 


Let 6, be a voltage of large mag¬ 
nitude used as reference. Let e, 
and e, be the magnitudes of the 
real ^d imaginary components of 
the unknown voltage If we put 
e, on the real axis, then the vector 
sum e, of the two voltages will be 

- e, -f 

- c, -I- er + 

The magnitude of Si is 

|B|| - l(e. + «r)* + 

If e, is sufficiently large in compari¬ 
son to 6|, then (e,y becomes negli- 
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Tabl« I—Compariion of true and 
moasured values of voltage 


Value of either the real or the imaginary 
components 


True 

Measured 

True 

Measuriul 

0.00 

0.01 

0.60 

0 61 

0.10 

O.ll 

0.70 

0.70 

0.20 

0.21 

0.80 

0.80 

0.30 

0.31 

0.90 

0.90 

0.40 

0.41 

1.00 

1.00 

0.50 

0.51 




Measured values are tabulated to two 
decimal places to correspond with the 
precision of indicating instrument used 
in actual circuit. 


gible with respect to (c. 4- fir)* and 
the magnitude of Ci is approxi¬ 
mately 

k<l * !(«• + “h 

Therefore, Cr is approximately 

«r — |e*l — c. 

It is therefore possible to meas¬ 
ure the real component of the un¬ 
known with respect to a large volt¬ 
age used as reference by providing 
an instrument that reads the differ¬ 
ence between the magnitude of the 
vector sum of the unknown and 
reference and the magnitude of the 
reference alone. 

In a similar manner, if the refer¬ 
ence voltage is advanced in phase 
by exactly 90 degrees, then the in¬ 
dication of the instrument will be 
the imaginary component of the 
unknown with respect to the origi¬ 
nal reference axis. 

The block diagram of a system 
which will perform as indicated by 
the preceding is shown in Fig. 1. 
The referent voltage e« is fed into 
an amplifier to make the resultant 
amplitude large in comparison to 
The amplified reference is ap¬ 
plied to a phase-shift circuit which 
allows the output voltage to be 
either in phase, or in leading quad¬ 
rature with respect to e., thus pro¬ 
viding for measurement of both Sr 
and Si* Output of the phase-shift 
network is applied to rectifier 
No. 1, producing at its output ter¬ 
minals a d-c voltage proportional 
to the magnitude of the amplified 
reference. 


The unknown voltage is applied 
(through a cathode foUower) in 
series with the output of the phase- 
shift network to the input of recti¬ 
fier No. 2. At the output of this rec¬ 
tifier there appears, therefore, a d-c 
voltage proportional to the vector 
sum of the unknown and the ampli¬ 
fied reference. The outputs of the 
two rectifiers are connected in 
series opposition to a d-c vacuum- 
tube voltmeter which therefore 
measures the voltage component de¬ 
sired. Multiple range can be ob¬ 
tained through a voltage divider in 
the e, input circuit. 

IsliereBf Irrer 

If the reference voltage has an 
amplitude of 50 volts and the am¬ 
plitude of the unknown is limited to 
a maximum of one volt, then the in¬ 
herent error of this method for 
various assumed phase angles can 
be determined as follows 

e. • 50-fjb 

♦•x • where (er* -h e,^)V* “ 1.0 

If we let Cr have the values given 
in the Table I, the true value of 0 , 
can be computed from 

•|-I(L0)*-6r»)^ 

The magnitude of the vector sum 
will be 

Therefore the measured values of 
Br and Cl will be 

6, - l(er 4 50)* 4 ~ 50 

«,• - k* 4- (50 H- «^)*I*/* - 50 

Obviously the error in the meas¬ 
urement of either component will 
be the same for the same compon¬ 
ent value. As Table I shows, inher¬ 
ent error due to the method of 
measurement is not serious because 
the maximum error of 0.01 volts is 
only one percent of full scale. Fur¬ 
thermore, it is possible to reduce 
this error in the actual operation 
of the instrument as will be ex¬ 
plained later. 

ReefNier Circaiti 

Because the method of operation 
of this instrument is based upon 
the measurement of a small voltage 
difl^erence between two large volt¬ 
ages, it is apparent that the two 


rectifier circuits must have charac¬ 
teristics as nearly identical as pos¬ 
sible. This condition is not difficult 
to satisfy as each rectifier is oper¬ 
ating linearly because the applied 
a-c voltages are large. In addition, 
although the voltage applied to rec¬ 
tifier No. 2 is a variable, depending 
upon e„ the variation is never 
greater than two percent under all 
conditions. Because both rectifiers 
operate linearly, a simple zero set 
control can be provided in the d-c 
vacuum-tube voltmeter circuit to 
take care of slight imbalance of the 
rectifier circuits which may develop 
as the frequency is varied. 

It is evident from the foregoing 
that the heart of the instrument is 
the rectifier system. The circuit 
diagram of Fig. 2 satisfies all of the 
requirements. In this circuit the 
amplified reference is rectified by 
Tr acting as a linear peak diode, the 
resulting d-c voltage appearing 
across Ei with the polarity indi¬ 
cated. The vector sum of the un¬ 
known and amplified reference is 
applied to Ts also acting as a linear 
peak diode, the resulting d-c volt¬ 
age appearing across !?«. The differ¬ 
ence of these two d-c voltages then 
appears across C* as is evident from 
the above connections. Diodes Ti 
and T, may conveniently be a dual 
diode, both diodes included in the 
same envelope. This circuit has the 
advantage over other possible solu¬ 
tions in that both signal sources 
and the vtvm have a common low 
potential or ground side. 

Phase Skiff Networks 

From the description of the 
method given, it is apparent that 



FIG. 2—^Reference ond uakaewn Toltoges 
are reetilled and combined. Combination is 
eilectleely the algebraic sum ol reierence 
and the in-phose component oi the un¬ 
known vdtoge 
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Angto and omplltiuU of ToltogM ocron 
••ctiODi of cm CRttlldol troniml— Ion lino 
eon bo quleklr dotormlnod niing tho 
oomploz Toltmotor 


if the reference is a source of low 
voltage, it must be amplified before 
being applied to the rectifier sys¬ 
tem. Furthermore, for the meas¬ 
urement of Cr, the amplified refer¬ 
ence must be exactly in phase with 
e, and for the measurement of ej 
the amplified reference must be 
exactly 90 degrees leading with 
respect to e,. Because some phase 
shift within the amplifier is in¬ 
evitable over an extended frequency 
range, two phase-shift controls are 
necessary. One is provided to se¬ 
cure the in-phase reference, the 
other for the 90-degree reference. 

The reference is first shifted ap¬ 
proximately 45 degrees in a leading 
direction by a resistance-capaci¬ 
tance circuit. The phase control 
for the measurement of er consists 
of a resistance-capacitance network 
to shift the phase in a lagging di¬ 
rection so that the net phase shift 
is zero. The phase control for the 
measurement of e, consists of an¬ 
other resistance-capacitance net¬ 
work to shift the phase an addi¬ 
tional amount over the original 45 
degrees so that the net phase shift 
is 90 degrees. 

Comiilete Cireaif 

The diagram of the instrument 
is shown in Fig. 3. Tube Tt is a 
double triode, each section being 
used as a cathode follower. The 
first section provides a means of 
changing the voltage range by the 
voltage divider in the cathode cir¬ 
cuit. Range is selected by Si. The 
second section provides a divided 
output voltage at constant im¬ 


pedance for introduction into the 
rectifier system. 

Tube Ta is the double rectifier 
which works into the d-c vacuum 
tube voltmeter, T.. The latter has 
a range of plus or minus one volt, 
center zero. The switch 8% provides 
a means of opening one rectifier 
circuit in order to set the magni¬ 
tude of the amplified reference 
voltage at 50 volts, allowing it to 
be read by the same vtvm because 
Si also changes vtvm range from 
one volt to 100 volts. The magnitude 
of the reference is controlled by 

The reference is applied to the 
first section of Tt, another double 
triode. The first section provides 
low output impedance for working 
into the phase-shift network con¬ 
trolled by Se and R. This network, 
when properly set, provides a lead¬ 
ing phase shift of approximately 
46 degrees. 

The second section of T» works 
into two phase-shift networks, one 
controlled by and Si providing a 
lagging phase shift of approxi¬ 
mately 45 degrees and its output 
providing the reference for meas¬ 
uring er* The other network out 
of Ti controlled by Si and Ri pro¬ 
vides an additional shift of approx¬ 
imately 45 degrees leading for the 
measurement of The proper 
reference for the component to be 
measured is selected by 8% and ap¬ 
plied to r*, the voltage amplifier 
which then works into the rectifier 
system. 


In all three of the phase-shift 
networks, the proper capacitance 
depends upon the frequency only. 
Therefore 54, 5s, and 5« are ganged 
together and labelled as a frequency 
control, to be set for the frequency 
range desired. Potentiometers i?, 
and Ri are ganged together and 
used as the phase control for the 
real component. The setting which 
gives in-phase reference results in 
the lead and lag 46-degree shifts 
mentioned above. After this con¬ 
trol is set, the control for measur¬ 
ing the imaginary component, Ri, is 
set for an additional 46 degrees. 

Potentiometer R^ is simply the 
zero set for the d-c vacuum-tube 
voltmeter. Voltage regulator tubes 
insure stable operation. 

Confreli and Method of Setting 

The following is a summary of 
all controls: 

Range: Ranges of 1, 5, 10, and 50 
volts full scale plus or minus are 
provided. 

Zero Set: With Use-Cal switch on 
Use, reference voltage applied, and 
unknown terminals shorted, this 
control is set for zero voltmeter 
indication. With the switch in the 
Use position, Rt having a resistance 
of 9,600 ohms is used as the volt¬ 
meter multiplier. This multiplier 
gives the input to T» a sensitivity 
of two volts. However, the mi- 
cronuneter scale has been altered 
to give a center zero, and the needle 
is adjusted to this point by the 
Zero Set control. The Zero Set 
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Table II—Calculated and meas¬ 
ured phase shift of an R-C circuit 


Culculaled 

Measured 

Operating 

Values 

Values 

Frequency 

Cr 


Cr 


In ops 

0.07 

0.61 

0.10 

0.60 

200 

0.44 

1.42 

0.50 

1.45 

500 

1.39 

2.24 

1.50 

2.20 

1,000 

3.03 

2.44 

3.05 

2.40 

2,000 

4.r>3 

1.46 

4.60 

1.50 

.5,000 

1.87 

0.78 

4.90 

0.80 

10,000 


See Fit;. 4 for circuit and equation 


applies about one volt to the grid 
of the second section of T, by this 
adjustment. Thus the actual range 
of the input to Ta is rt:! volt. 
Reference Amplitude: With Use- 
Cal switch on Cal, this control is 
adjusted for a voltmeter reading 
of 50 volts. Resistor of 0.5 meg 
gives the meter a full scale range 
of 100 volts, therefore the adjust¬ 
ment is made for center scale. Be¬ 
cause has been previously set to 
give about one volt deflection, this 
voltage produces negligible deflec¬ 
tion with the new multiplier in the 
circuit. The microammetcr is there¬ 
fore at its extreme left or zero- 
current position with no input 
voltage. The 50-volt point is there¬ 
fore center scale which is marked 
zero on the microammeter face. 
Frequency: This control must be 
set to the appropriate range. The 
ranges provided are 20 to 200, 200 
to 2,000, and 2,000 to 20,000 cps. 
Real Phase: With & on Real, and 


an external lead used to connect the 
reference voltage to both the refer¬ 
ence and the unknown terminals, 
this control is set for a maximum 
value as indicated by the vtvm. 
Reactive Phase: With & on Reac, 
and an external connection as 
above, this control is set for zero 
value as indicated by the vtvm. 
This adjustment assures a reading 
of zero for the imaginary compo¬ 
nent of a pure real unknown and 
minimizes the inherent error of the 
method discussed previously. 

Although there may seem to be 
a large number of controls to be 
set, these do not have to be dis¬ 
turbed after they are once set pro¬ 
viding the frequency is not 
changed. Therefore in the analysis 
of a complicated circuit at a single 
frequency, the operation is very 
simple, only the Real-Reac switch 
and the Range switch being used. 

For example, the complete 
voltage spiral of a twenty-section 
artificial telephone line may be ob¬ 
tained in about 15 minutes. On the 
other hand, if the frequency re¬ 
sponse characteristic of a network 
is desired, in general all of the 
above controls need to be reset at 
each new frequency. While this 
resetting slows down the procedure, 
the method is faster than others. 

The agreement between meas¬ 
ured and calculated results for the 
voltage across the resistance in a 
simple R-C circuit, as a function of 
frequency, is given by tabulated 



FIG. 4—Comparison of calculated and 
measured voltages shows utility of meter 


values in Table II and the curve 
in Fig. 4. Input voltage was main¬ 
tained at five volts and was used as 
the reference. 

The instrument described has 
been in service for a considerable 
period and has proved itself to be 
stable in operation and reliable in 
indication. It represents what is 
believed to be the first instrument 
that reads directly the complex 
value of a voltage in the rectangu¬ 
lar coordinate system and estab¬ 
lishing polarities of the real and 
imaginary components as well as 
their magnitudes. Its limitations 
are similar to those for any elec¬ 
tronic measuring instrument, 
namely that controls must be set 
with care and voltages under meas¬ 
urement must be of good sinusoidal 
waveform and reasonably good fre¬ 
quency stability. 


Impedance Measurements 


Electrical impedances, whether 
they are resistances, inductances, 
or capacitances, can be quickly 
measured by varying a known im¬ 
pedance to produce a squarewave 
trace on a cathode-ray oscilloscope. 
The circuit for making such meas¬ 
urements is shown in the accom¬ 
panying drawing, where the two 
capacitors could be replaced by two 
inductors if desired. It should be 
noted that if inductors are used, 


their inherent resistances can be 
used for and obviating the 
need for connecting separate re¬ 
sistors. 

The circuit operates as a bal¬ 
anced attenufitor. A squarewave of 
any convenient frequency is ap¬ 
plied to the input. The output is 
connected to the vertical deflection 
channel of an oscilloscope the saw¬ 
tooth sweep of which is synchron¬ 
ized to the squarewave. Impedances 



Impadoncat con b* meoturad In o bal- 
oncad ottenuotor by adfustlng for tho con¬ 
dition at which o eomplox input wove* 
■hopo ig roproducod In tho output 
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of the measurinsr network are ad¬ 
justed until a squarewave is dis¬ 
played on the oscilloscope, under 
which condition RCi = RC, or RJjt 
=r RJ^u where these values are ef¬ 
fective, including stray imped¬ 


ances. Any of the impedances 
can be varied, preferably one 
that is grounded . If the reactance 
across the lower portion of the net¬ 
work is too large, the output square- 
wave will be peaked at its rising 


edge; if that reactance is too small, 
the output will be rounded at the 
rising edge. (U. S. Patent 2,409,419 
granted 16 October 1946 to Peter 
S. Christaldi, assignor to Allen K. 
DuMont Lab,, Inc.) 


Grid-Dip Oscillator 


One of the most useful instruments 
in an electronic laboratory is the 
grid-dip oscillator with a vhf fre¬ 
quency range. Strangely enough, 
however, these have not been gen¬ 
erally available as a commercial 
product until recently. Since the 
early days of radio, however, they 
have been constructed by the in¬ 
dividual engineer to fit particular 
applications when needed. 

The grid-dip oscillator consists 
of a variable-frequency oscillator 
with an indicating milliammeter in 
its grid circuit. When the oscilla¬ 
tor tank circuit is coupled to a sec¬ 
ond resonant circuit, usually by 
holding the tank inductance near 
the second tuned circuit, a dip in 
the grid current indicates the fre¬ 
quency at which power is drawn 
from the oscillator. A frequency- 
calibrated dial on the oscillator then 
indicates the frequency at which 
resonance occurs. 

The resonant frequency of any 
coil and capacitor combination, 
alone or connected into circuits, 
resonant lines, wave traps, r-f 
chokes, and antennas, can thus be 
determined quickly and changes 
made to tune them to the desired 
frequency. Additional capacitance 
of tubes and wiring needs to be 
taken into account however if the 
unit being measured is not con¬ 
nected to its final operating circuit. 


The phase meter is a device that 
measures the phase angles of a low 
or high frequency polyphase voltage 


The frequency change due to tube 
heating, which is particularly large 
at the i-f and front-end frequencies 
used in f-m and television receiv¬ 
ers, can be readily determined with 
the grid-dip oscillator. The fre¬ 
quency at which wiring between 
components resonates may also be 
determined. 

The circuit of one of the grid-dip 
oscillators recently announced by 
De Vine Laboratories is shown in 
the accompanying diagram. In 
addition to operation as a grid-dip 
oscillator it permits the addition of 
earphones in the grid circuit so 
that the instrument becomes an os¬ 
cillating detector for beating 
against an unknown signal for de¬ 
termining its fundamental and 
harmonic frequencies. 

Use of the headphones also per¬ 
mits operating the tube without 
plate voltage to form a diode de¬ 
tector for modulated signals from 
a transmitter or signal generator. 
Removing the headphones in this 
instance switches the meter back in 
the grid-cathode diode circuit and 
permits use as an absorption fre¬ 
quency meter or a field strength 
meter. 

The instrument shown employs 
seven plug-in coils to cover a fre¬ 
quency range from 1.9 me to 
slightly over 200 me. Each coil is 
mounted inside a polystyrene cylin- 


Phase Meter 

By E. 0. VANOEVEN 

supply. Essentially this is accom¬ 
plished by developing on the screen 
of a cathode-ray oscilloscope a cir- 



der so that it can be inserted in and 
near tank coils having high voltage 
without contact to the turns of the 
coil. The coils are tuned by a split- 
stator capacitor having specially 
designed plates to allow a nearly 
linear dial calibration in terms of 
frequency. 

Elements of the circuit shown 
are mounted in a narrow metal case 
so that the coil, tuning capacitor, 
grid meter, and a drum dial are 
arranged in line. Thus the unit is 
practically a probe with its coil at 
one end, and dial at the other end. 
Having the meter mounted on this 
unit permits readings to be made 
while watching the dial when tun¬ 
ing through the range. 


cular sweep at the polyphase supply 
frequency. Each phase voltage of 
the polyphase supply is then separ- 
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FIG. 1—Block diagram of photo dotoctor 


ately amplified, clipped, differenti¬ 
ated and affain amplified. 

In the output of each phase am¬ 
plifier are pulses which are estab¬ 
lished in time by their respective 
phase voltage. These pulses are 
mixed and applied to the Z-axis 
amplifier of the oscilloscope to in¬ 
tensity modulate the circular trace, 
causing a dark or bright spot to 
appear for each phase voltage. The 
angular displacement between the 
spots is then a measure of the angu¬ 
lar displacement between corres¬ 
ponding phase voltages. The phase 
angles can be read by calibrating 
the oscilloscope screen radially in 
degrees. 

A block diagram of the phase 
meter is shown in Fig. 1. One phase 
of the three-phase supply is applied 
to a device which shifts the phase 
by 90 degrees. This is done, since 
to obtain a circular sweep it is 
necessary to apply to the horizontal 
and vertical amplifiers voltages of 
the same frequency but separated 
in phase by 90 degrees. The pulse 
forming and mixing circuits are 
also indicated. 

The phase meter was developed 



for work with the 2H21 phasitron 
tube, used to generate crystal-con¬ 
trolled f-m. The phasitron has 
three-phase r-f applied to the de¬ 
flector electrodes. A crystal oscil¬ 
lator at approximately 230 kilo¬ 
cycles is the signal source. This 
single-phase voltage is transformed 
to three-phase by employing a mod¬ 
ified Scott transformer connection. 

The single- to three-phase trans¬ 
formation circuit, with the associ¬ 
ated phase relationships, is shown 
in Fig. 2. Amplifier tube V supplies 
a transformer load, the secondary 
of which is center tapped. Second¬ 
ary voltage, AF, is shown vectori- 
ally on the phase diagram. The OB 
vector, displaced 90 degrees from 
AF, is obtained by shifting the 
phase of the primary voltage DE by 
90 degrees. Since DE and AF are in 
phase, vector OB is then 90 degrees 
from AF. 

Resistor R is essentially con¬ 
nected from B to E which is part 
of a tuned circuit. Therefore by 
detuning the tuned circuit slightly 
from the resonant point the react¬ 
ance from B to E can be made to 
appear inductive. This inductive re¬ 
actance is in series with Ci, and by 
proper adjustment of these two 
parameters the voltage BE will be 
displaced from the supply voltage 
DE by 90 degrees. By properly es¬ 
tablishing the ratio of Cn to C,, the 
point E is selected along the OB 
vector. Point E is grounded provid¬ 
ing a neutral point for the balanced 
three-phase system. 

For the phasitron to operate with 
minimum distortion it is necessary 
that the exciter supply phase volt¬ 
ages of equal magnitude and angu¬ 
lar displacement. The phase meter 
was developed to facilitate the ad¬ 
justment of the exciter supply for 
perfect three-phase output. 

Circular Sweep 

Figure 3 shows the circuit used 
to obtain circular sweep. The sin¬ 
gle-phase, 230-kc signal feeds a 
pentode amplifier. The amplifier 
plate circuit has a tuned trans¬ 
former which, when resonated, gives 
a 90-degree phase shift between 
primary and secondary. Proper ad¬ 
justment of the secondary tuning 



capacitor is accomplished by observ¬ 
ing the pattern on the c-r tube. 
When this capacitor, and the hori¬ 
zontal and vertical gains, are cor¬ 
rectly set, the result will be a cir¬ 
cular trace on the cro screen. 

The pentode amplifier is run class 
A and with an unbypassed cathode 
resistor. This is to minimize dis¬ 
tortion of the voltages applied to 
the vertical and horizontal ampli¬ 
fiers. The cro amplifiers must also 
have low distortion, or it will be 
impossible to obtain perfect circu- 
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FIG. 5—Phase relations in pulse-forminq 
circuit 


lar sweep. Circle size is controlled 
by /?,. 

One of the pulse-forming circuits 
is shown in Fig. 4. Phase voltage is 
applied to Fu, a cathode follower. 
This tube transforms from high- 
impedance input to low-impedance 
output across Li, 

Operofion 

Accuracy of the meter depends 
more than anything else on the 
coupling circuit between and F„ 
and the operation of F,. The volt¬ 
age developed across Li is at least 
30 volts rms. Therefore the grid of 
F* swings from minus 60 volts to 
50 volts plus, less the drop across 
/faCj. The tube begins to conduct 
when the input voltage rises to ap¬ 


proximately —4.5 volts. When it 
reaches zero volts, grid current be¬ 
gins to flow, resulting in a voltage 
drop across the grid resistor. 

The output of Fa therefore is a 
pulse whose leading edge is very 
steep. It is important that this lead¬ 
ing edge be definitely established in 
time with respect to the phase in¬ 
put voltage. 

Tube F,. is directly coupled to L„ 
since a blocking capacitor would 
have a discharge time constant 
which would develop grid bias on F, 
and change its operating point with 
respect to the phase input voltage. 
Filter R£:x has a time constant 
which is short compared to the pe¬ 
riod of one cycle. Thus, as the volt¬ 
age across Li rises from its peak 
negative value, Fn should begin to 
conduct at a point determined en¬ 
tirely by its cutoff potential. 

If the magnitude of the phase 
voltage is varied, this point will 
.•^hift slightly, which is part of the 
inherent error of the device. If all 
phase voltages are varied by the 
same amount however, no net error 
should result. All operating points 
will have shifted by the same 
amount and in the same direction. 

C, and /?X., constitute a differen¬ 
tiating circuit, the voltage on Fa 
grid consisting of narrow positive 
and negative pulses. Since Fa is zero 
biased, its grid presents low im¬ 
pedance to the positive pulses and 
high impedance to the negative 
ones. In the output, positive pulses 
predominate. 


Tube F 4 is an amplifier-inverter, 
biased beyond cutoff. The pulses are 
also narrowed in this stage. Output 
of \\ is applied to Fn, a cathode fol¬ 
lower. The negative pulses devel¬ 
oped across the cathode-follower 
load impedance cannot be fed to the 
Z axis input directly. If this were 
done the cathode-follower loads of 
all pha.sc circuits would es.sentially 
be in parallel. When one cathode 
follower were pulsing the remain¬ 
ing two would present excessive 
loading. The result would be in¬ 
sufficient pulse output voltage. 

Circuit holatioH 

Therefore the second section of 
Fb, is diode connected. Under these 
circuit conditions, the cathode load 
impedances of the inoperative ca¬ 
thode followers are isolated from 
the load impedance of the one that 
is operating. 

Tube Fii, is diode-connected to 
form part of a peak-reading volt¬ 
meter circuit. The meter is cali¬ 
brated to read rms phase voltage. 

Figure 5 shows the phase rela¬ 
tionship between the sine wave in¬ 
put to the phase circuit and the 
output pulses appearing at the Z- 
axis input to the cro. The leading 
edge of each pulse is determined 
by the cutoff point of the first clip¬ 
per tube in the corresponding phase 
circuit. 

Other possible uses of the phase 
meter principle include the meas¬ 
urement of phase shift through 
amplifier circuits. 


Construction of Shielded Room in VHF Field 

^ By CECIL C. PINE 


Present-day development of vhf 
and uhf equipment necessitates the 
modernizing of the conventional 
screened room. In fact, an ordinary 
double or triple shielded room uti¬ 
lizing copper or galvanized iron 
mesh is ineffectual when subject to 
interference such as that caused 
by uhf radiations of extremely high 
peak power. 


The shielded room to be described 
was the outgrowth of an effort to 
provide a means for testing radio 
direction-finding equipment under 
conditions of very severe local dis¬ 
turbances, and to date it has proved 
adequate in all respects. 

The first requirement in aligning 
and testing automatic d-f equip¬ 
ment is to provide a means of coup* 


ling a signal of known field strength 
into the loop and vertical antenna 
input circuits. This must be done 
in a manner simulating ideal field 
conditions and should be free from 
all uncontrollable factors such as 
variation of field strength or inter¬ 
ference from unwanted signals. 

The elimination of interfering 
signals is usually accomplished by 
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FIG. 1—An •xpaadnd tI«w of a portion of 
the ihioldod room ihowing constructional 
dotoUs 


employing a combined system of 
shielding and filtering. The test 
room is generally constructed with 
either two or three shields consist¬ 
ing of wire mesh or copper foil 
spaced from two to four inches 
apart and connected together at 
but one point. This technique nor¬ 
mally attenuates any radiation ex¬ 
terior to the room from 60 to 100 db. 
However, any r-f voltage superim¬ 
posed on the power lines leading 
into the room will be radiated in¬ 
side the room and cause trouble. 
An r-f filter consisting of chokes 
and capacitors interposed between 
the power line and the load is gen¬ 
erally considered an adequate means 
of eliminating interference from 
this source. 

An ordinary pi network consist¬ 
ing of two 0.5 /tf and two r-f line 
chokes placed in the power lines 
leading into the screened room was 
of little value when the lines exter¬ 
ior to the room were subject to bom¬ 
bardment from a pulsed uhf source. 
A test receiver connected to the 
bench conduit, and even to points 
along the internal shield, registered 
interference over most of the fre¬ 
quency band for which the room 
was to be used. 

Another interesting fact was re¬ 
vealed when tests were made in a 
room triply shielded with i-inch 
galvanized mesh. Here a small loop 
connected to the test receiver could 
be used to take a bearing on the 


source of external interference al¬ 
though the generating equipment 
was enclosed in another triple 
shielded room some distance away. 

Construction 

Some of the more particular as¬ 
pects considered in the construction 
of the new room are the methods of 
obtaining sufficient shielding and 
filtering. To obtain a high degree 
of attenuation, three shields are 
used. The outer shield consists of 
i-inch galvanized mesh, the second 
or center shield is a graphite-im¬ 
pregnated cloth, and the inside of 
the room is lined with copper foil 
which forms the third or inner 
shield. The outer and inner shields 
arc connected together at one point, 
the neutral leg of the power line. 

The center shield, consisting of 
the graphite-impregnated cloth, is 
used to attenuate the uhf leakage. 
This material is extensively used 
for its ability to absorb any high 
frequency energy that terminates 
upon it, and is here used as a float¬ 
ing shield which merely acts to dis- 
.sipate the currents flowing in it 
rather than conducting them to a 
common ground point as is the case 
with the other two shields. Fig. 1 
gives a general illustration of the 
construction carried on throughout 
the room. 

The framework of the room is 
constructed of well-seasoned 2 by 3- 
inch members, the exterior of which 
is covered with the galvanized 
mesh. The impregnated cloth is 
glued to the back of tempered ma¬ 
sonite sheets which in turn are 
nailed to the inside of the frame¬ 
work to form the walls, floor and 
ceiling. The joints in the cloth 
backing are overlapped to form a 
continuous shield, and all nails used 
in securing the masonite are coun¬ 
tersunk. 

Copper foil is cemented to the 
masonite with a heavy Bostick 
cement. All panelling, light fix¬ 
tures, and other supported items 
are held in place by small angle 
strips which are soldered directly 
to the copper foil. 

Inasmuch as the shielding must 
be continuous throughout the en- 



FIG. 2—Schematic diogram of all-ware 
filter lyitem. The cylindrical forms In the 
center represent the microwore filters 


tire surface of the room, the door is 
constructed in a similar manner and 
is provided with special metal strip¬ 
ping which assures a good bond to 
the respective shields. Ventilating 
holes cut through the copper and 
cloth shields are covered with fine 
copper mesh. 

Filforing 

A special microwave line filter is 
used, in conjunction with the more 
conventional types, to obtain a high 
degree of attenuation over the en¬ 
tire r-f spectrum. Figure 2 shows 
the circuit arrangement. 

The first filter section consists of 
a pi network utilizing 0.5-/xf oil- 
filled capacitors and low-frequency 
chokes and is installed in a copper- 
clad box mounted on the outside of 
the room. The second section 
makes use of the microwave filters, 
which are placed in each leg of the 
power line (including the neutral 
leg). These filters form the con¬ 
necting means from the outer box 
to the interior of the room. Inside 
the room is another copper-clad box, 
in which is located a third filter 
section consisting of 0.5-/Af oil-filled 
capaci.or.s and high-frequency 
chokes. 

As shown in Fig. 2, the outer and 
inner shields are connected together 
by means of the neutral wire 
through one of the microwave 
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chokes. A more detailed illustra¬ 
tion of the microwave choke is 
given in Fig. 3. 

A test receiver placed in a room 
of the type described was unable to 


detect any type of interference over 
the entire band from 200 to 1,600 
kilocycles; although, by opening 
the door by as much as one-eighth 
of an inch several broadcast sta¬ 


tions could be received with consid¬ 
erable volume. Moreover, the uhf 
type of interference was reduced to 
a negligible amount when the door 
of the room wa3 securely closed. 


Radiation from R-F Heating Generators 

If MTIUI I. SW«I 


Industrial users of electronic heat¬ 
ing equipment that have encountered 
problems in minimizing the amount 
of radiation from the units can bene¬ 
fit by the work done in Hawaii for 
solving a similar problem. 

During the war, the military gov¬ 
ernor of the Territory found it ad¬ 
visable to control the use of dia¬ 
thermy equipment by licensing for 
use only diathermy equipment whose 
radiated signals were sufficiently at¬ 
tenuated. Details of the control were 
passed to a board of Army officers, 
who, with the cooperation of the 
FCC, set up standards for maximum 
allowable radiation, and recom¬ 
mended a type of shielded room to 
limit this radiation. 

Tests showed that a room consist¬ 
ing of two concentric shields, both 
floating above ground, and having an 
a-c service entrance filtered as in 
Fig. 1, gave satisfactory results. The 
filter box is grounded to the inside 
room-shield. Access to the room was 
by means of a door constructed with 
shielding on both sides. When closed, 
there was no interruption in the con¬ 
tinuity of the shields throughout the 
room. 

Many such installations were con¬ 
structed throughout the Islands, and 
with proper attention to details and 
some experimental modifications to 
suit local conditions, all but a few 
proved very satisfactory. 

Attenuation was estimated by 
listening to the diathermy signal on 
a Hallicrafters S-29 receiver carried 
out along radials from the diathermy 
equipment. In most cases, the signal 
was undetectable at distances 
greater than fifty yards from the 
offending unit. 


Contfrucflon 


The type of shielding material 
used was not critical. Copper fly 
screening was best, but was hard to 
obtain at that time. Ordinary steel 
fly screening, or hardware cloth up 
to half-inch mesh, worked satisfac¬ 
torily. Wood spacers separated the 
inside from the outside shields by 
one or two inches and separated the 
outside shield from any possible ex¬ 
ternal ground. In a few cases a 
ground on either the inside or out¬ 
side shield helped, but in a large ma¬ 
jority of cases attenuation was 
greatest with both shields un¬ 
grounded. No objection was found 
to running as much a-c wiring as 
was desired from the filter around 
the inside of the room, but there 
could be no exposed wire between the 
filter and the a-c entrance to the 
room. Radiation along the power 
line outside the room was sometimes 
troublesome, and in some cases could 
be followed nearly a mile along pole 
lines before proper shielding was ac¬ 
complished. 

A minimum number of doors 
should be built into the shielding. 
Best results were obtained where 
only one door opened into the room, 
and this, when closed, had to make 
good electrical contact on all four 
sides. The hinged side was provided 
with several flexible straps to con¬ 
nect the respective door shields to 
room shields. 

Wood used as insulation between 
shields and between outside shield 
and ground had to be thoroughly 
dry. It was necessary to insulate be¬ 
tween the outside ground and any 


plaster, concrete, linoleum, etc. 

The filter was mounted fiat against 
the inside shield directly over the 
spot at which the a-c line entered the 
room. The box was constructed of 
heavy gauge metal with all seams 
soldered. Commercially built filters 
were not satisfactory. 

Close proximity of the room to 
open house wiring had to be avoided 
and installations on ground floors or 
in basements worked best. Those in 
frame buildings were hardest to at¬ 
tenuate. The smaller the room, the 
easier it was to attain good attenu¬ 
ation. Care had to be exercised in 
construction to see that no nails or 
strands of wire shorted between 
shields. All seams in shielding had to 
make continuous electrical contact. 
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Measuring and Monitoring Broadcast 

Frequencies 

The beat note between the harmonic of a multivibrator synchronized with the station fre¬ 


quency and a signal from 


T his paper describes a method 
for measuring or monitoring 
radio frequencies against the Bureau 
of Standards primary frequency 
emissions from WWV without the 
use of an intervening standard. The 
method is particularly applicable to 
frequencies which are integral multi¬ 
ples of ten kilocycles, such as stan¬ 
dard broadcast station frequencies, 
and it offers an unusually high 
degree of accuracy. 

Priaelpie of Oporotlon 

The process is illustrated in the 
block diagram of Fig. 1. The signal 
to be checked is taken from the 
oscillator or buffer stage in the 
transmitter and is used to synchro¬ 
nize the multivibrator. One of the 
multivibrator harmonics is compared 
with one of the emissions of WWV 
by means of an ordinary radio re¬ 
ceiver. The resulting beat frequency 
can be measured by any of several 
commonly used methods, such as an 
electronic frequency meter or a 
counting mechanism.'* * 

To determine the frequency devia¬ 
tion from the assigned frequency the 
following analysis is used: Let 
F = frequency under measurement 
Fm = fundamental frequency of 
multivibrator 

N = F/F,„ = synchronization ratio 
F, = standard frequency emission 
used 

n = FjF„, ~ order of the multi¬ 
vibrator harmonic used 
/ = F. - nF^ = beat frequency in 
receiver 

Then = F/N, and the signal 
compared with F, is = {n/N)F 
Let AF be the deviation between 
correct (assigned) and actual value 
of F; then the signal compared with 


is measured by means of 

By LARRY S. COLE 

F, is in/N) (F - AF), and the meas¬ 
ured beat will be 

/ = in/N)F - (n/N) (F - AF) 

= {n/N)liF or 

AF= {N/n)f (1) 

For example, consider a broadcast 
station with an assigned frequency 
F of 1230 kc and a multivibrator 
having a frequency F« of 10 kc and 
synchronized at a ratio N of 128/1. 
The 1500th harmonic of the multi¬ 
vibrator is then beat in the receiver 
against the standard frequency 
emission from WWV at 15 mega¬ 
cycles (F,). Suppose the beat 
between the two latter signals 
(F, — nF«,) to be 18 cps. Substitut¬ 
ing these values in £q. 1, we get 
AF = (123/1500)18 = 1.476 cps. 

The method offers no way of de¬ 
termining the sign of AF, or whether 
the measured frequency is above or 
below the assigned frequency. How¬ 
ever, raising or lowering the trans¬ 
mitter frequency a cycle or so and 
noting whether the beat frequency 
increases or decreases will yield this 
information. 

The multivibrator frequency F^ 
was chosen at 10 kc as this value 
contains harmonic components which 
fall on all standard emissions from 
WWV as well as those of broadcast 
stations. While, for the majority of 
frequencies involved in the band, 
synchronization of the multivibrator 
could be accomplished in two or more 
steps with reasonably low synchron¬ 
ization ratios, there are 19 frequency 
channels which are prime midtiplea 
of 10 kc. In these latter cases, syn¬ 
chronizing the 10-kc multivibrator 
must be done in one step—involving 


a counter or frequency meter 



FIG. 1—FunctfoBol block dtogrom ol tbo 
monitoring iTtlom 


synchronization ratios of from 59/1 
to as high as 149/1. 

All the available information at 
hand indicated a practical S3mchron- 
ization ratio limit at about 50/1. 
Therefore the first problem was to 
investigate the possibility of prac¬ 
tical synchronization at ratios of at 
least as high as 150/1. To accomplish 
this, the natural unsynchronized 
frequency of the multivibrator had 
to possess a high degree of inherent 
frequency stability and it also had 
to be isolated from any reactions due 
to adjustments or variations in the 
input synchronizing circuit and the 
output circuit. 

The first problem was solved by 
using high-quality resistors of ample 
rating and an extremely stable volt¬ 
age regulator. The regulator used 
was adapted from that developed by 
Bousquetf, and produced an unusu¬ 
ally high degree of regulation of the 
d-c output voltage. 

Pentode tubes in the input and 
output circuits provided ample isola¬ 
tion when their operating voltages 
were also regulated. Gain of these 
stages could notbe controlled by any 





434 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 


After the multivibrator unit had 
become reasonably stabilized as to 
temperature, no further adjustments 
were necessary over a period of sev¬ 
eral days. During daylight hours, 
the 10 and 15-mc signals from WWV 
were used to check the operation of 
the unit. At night, the 5 and 2.6-mc 
signals were used. Other broadcast 
stations were also used as check fre¬ 
quencies both day and night. For a 
strong beat frequency in the re¬ 
ceiver, a reasonable relationship 
between the strength of the received 
radio signal and the harmonic of the 
multivibrator is maintained by ad¬ 
justment of the output control of the 
multivibrator unit. 

In the modern broadcast station, 
variation of the operating voltages mately 9.5 kc when synchronized to the frequency control of the trans- 
such as would result from a conven- 10 kc using a 100/1 ratio. mitter and the usual frequency 

tional cathode-bias contr#)l. No attempt was made to find a monitor are of the same order of 

To obtain sufficient output on high limit of synchronization ratio, but stability and should a large fre- 
harmonics, it was necessary to tune the unit constructed has been syn- quency deviation be indicated by the 
the plate circuit of the output ampli- chronized with complete stability monitor, there may exist a reasonable 
fier over the range from 6 to 15 me. at ratios as high as 200/1. doubt as to which is in error. In 

Below 5 me, the circuit is untuned The unit was installed experi- such cases, the immediate determina- 
as shown in the circuit of Fig. 2. mentally at a local broadcast station tion of the true transmitter fre- 

Synchronization of the unit at a (KVNU, 1230 kc) for a thorough quency is of considerable value. For 
particular ratio is achieved with test under operating conditions. The this particular application, an audi- 
various combinations of natural un- input synchronizing voltage was ob- ble check of the beat frequency in 
controlled multivibrator frequency tained by bridging the low-imped- the receiver would suffice for check- 
and synchronizing voltage amplitude, ance transmission line to the station ing and for resetting the transmitter 
The combination resulting in the frequency monitor from the crystal to assigned frequency, 
greatest stability is found by noting oscillator stage of the transmitter. References 

when the adjustment on the multi- The output of the multivibrator was (i) Curp. n. v., a Prp«isp nmi Ry»ia 
vibrator frequency can be shifted connected to the antenna terminal of 

the greatest amount without the loss an all-wave receiver. A short hori- ^ Hunt! Reading Fw- 

of synchronism. As a typical ex- zontal antenna outside the trans- Wording /?»«!!, i? p 48 f 

ample, this resulted with a natural mitter building was used to pick up feouHquet, a. o' improving Regulator 

J i-iT • 1 Performance, ELecTitoxiCN. 11. p. 26. July. 

multivibrator frequency of approxi- WWV and other signals. i«38. 

Measuring Pulse Characteristics 

Method and equipment for rapid, accurate determination of pulse characteristics have labo¬ 
ratory precision ai?d production-line simplicity. Basically, circuits and techniques measure 
time by obtaining coincidence with a standard time interval 

By ALLAN EASTON 

M easubement of pulse charac- ear saw-tooth sweep has been sup- dence the method described herein 
teristics has been developed planted by more sophisticated means is capable of high accuracy without 
to a high degree of precision in the such as circular, spiral, or expanded requiring great skill on the part of 
past few years. The relatively crude sweeps. the operator, and therefore lends it- 

method of measurement using a lin- By using the principle of coinci- self to production testing. In the 



FIG. 2—Compl«t« circuit of Iho multiTibrator unit 
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laboratory it is valuable because of 
its adaptability to measurements in 
the 0.1- to 100-microsecond rnnge. 

Particular applications of this 
method of measuring pulses are in 
metering velocity of light, delays at 
discontinuities in filters and trans¬ 
mission lines, in television, in radar 
ranging, and for calibrating linear 
sweeps. 

Mepturing Pvlte Spacing 

This method of pulse measurement 
is intended to increase the realizable 
accuracy and ease of measuring (1) 
time intervals between two or more 
pulses, (2) pulse duration, and (3) 
pulse growth and decay times. 



PIG. 2— To obnonro tho pulno toquoaco 
•hown ol (A), o dreiilar swoop, shown 
oapoadod ot (B). can bo usod. At syn- 
diroalsm tho traco oppoars as at (C)i oil 
synehronlsss It oppoofs os at (D) or (E) 


Pulse spacing Tg in Fig. 1 is the 
time interval between any two cor¬ 
responding parts of two successive 
pulses in one trigger cycle. The dura¬ 
tion of the pulse, Tr, is arbitrarily 
defined as the time difference be¬ 
tween the 50-percent amplitude 
points. The rise time Tg is the time 
required for the pulse to increase 
from 10 percent to 90 percent of its 
full amplitude. Decay time Tn is the 
time required for the pulse to de¬ 
crease from 90 percent to 10 percent 
of full amplitude. It is assumed 
throughout this discussion that the 
entire phenomenon to be measured 
occurs in one repetition period and 
is periodic in nature. 

Figure 2A shows a train of pulses 
as they would appear on a suitable 
linear saw-tooth sweep. The distance 
between successive pulses is propor¬ 
tional to their time spacing. Im¬ 
agine this same sweep wound like a 
rope so that it appears as a pile of 
coils as in Fig. 2B. If these traces 
are superimposed upon each other 
and if the circumference of each 
sweep is the same as the distance 
betw^een pulses, the picture will ap¬ 
pear as in Fig. 2C. If the length of 
each sweep is too short or too long 
the result will appear as in Fig. 2D 
or 2E. In other words, when the 
length of one circumference is just 
equal to the pulse spacing only one 
pulse will appear. \^en the length 
of the sweep is held constant corres¬ 
ponding to some predetermined 
amount of time, the pulse spacing 
can be varied until coincidence oc¬ 
curs. On the other hand, if the pulse 


spacing is held fixed, the frequency 
which determines the length of the 
circular sweep can be altered until 
coincidence results. 

Thus this technique provides a 
system for either measuring or ad¬ 
justing pulse spacing. The method 
requires a setting of frequency un¬ 
til coincidence is obtained. The ac¬ 
curacy, therefore, is dependent on 
frequency primarily and on the set¬ 
ting or resolution error in obtaining 
coincidence. No complicated judg¬ 
ments or measurements are re¬ 
quired on the part of the operator-- 
a desirable fact for production meas¬ 
uring equipment. 

The pulse spacing is given by the 
equation 

r.-i/7c (I.) 

where Tg is the pulse spacing, and /,. 
is the coincidence frequency. 

Mtfoiurlng Pulse Width 

Pulse width can be measured in 
two ways, both of which are based on 
the spacing measurement just de¬ 
scribed. Referring to Fig. 3A one 
sees a pulse with fairly steep sides 
shown along with its derivative. 
This derivative can be obtained in 



FIG. 3—(A) Lult—II thu puUu to hm ntuoi- 
urud. at thown at tht top. it dllltrontiatod 
by such o circuit at tbit, tht dtriTOtirt 
pultot. thown in tho middle, ore ob* 
tained. (B) Right—To meoturo pulto 
width, tho dorlTOtlTo pultot ore plocod 
on a circular twoop and either tho twoop 
or pulto generator adjutted until coinci* 
deaee b obtained 
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FIG. 4—Uilng •lth«r cm •lUptieol (A) or a 
horiiontal linuioidol (B) swoop, ono cob 
dolormiao pulso longth by adjusting tho 
swoop ported rolotiTO to tho pulso dura¬ 
tion. giving tho simple pottoms shown at 
tho right. Crossovor is at tho 50 percent 
point 

several ways, one of which is shown. 
When the differentiated pulse is im¬ 
pressed on the variable-frequency 
sweep, patterns similar to those on 
Fig. SB result. Essentially the pulse 
width measurement consists of 
measuring the spacing between the 
two pulses obtained by differentiat¬ 
ing the leading and lagging edges of 
the original pulse. 



FIG. 5—Whon growth and doeoy timoo 
oro opprox'matoly oquol. thoy can bo 
dotormlnod from moosuromontt el puloo 
duration at tho 10- and fO-porcont ompU- 
tudo pointo Of sheim boro 


An alternative method of deter- 
ming pulse width is perhaps more 
suitable for many purposes. This is 
illustrated by Fig. 4. The figures are 
self-explanatory and show the effect 
on the pattern of increasing the 
sweep frequency. The method can 
be applied successfully with either 
elliptical, circular, or flat sinusoidal 
sweeps. This method enables de¬ 
termination of pulse width between 
points of any required percent of 
maximum pulse amplitude. 

Mooturiog Growth and Docoy Tlmos 

One method of measuring growth 
time depends upon the procedure 
previously described for pulse width 
measurements. If the pulse width 
is measured as described, at the 10- 
and 90-percent points, the rise time 
is determined as follows 

r __rj. _ (1//0..) - (1/A*) 

where Tn is the rise time from 0.1 
to 0.9Emax, Tt, is the decay time from 
0.9 to O.lEjf^jr, /o.i is the frequency 
corresponding to the width at 
O.IEmax, /o. is the frequency corre¬ 
sponding to the width at O.^Etuxt 
and Emax is the peak value of the 
pulse as indicated in Fig. 

The accuracy of Eq. 2 depends 
upon the equality of Tm and T„. 
Figure 6 illustrates this method 
used with linear sweeps. 

In cases where Tm does not equal 
Td, an alternative method may be 
superior. Refer again to Fig. 3A. 
The shapes of the pulses shown are 
proportional to the rate of change of 
the measured pulse (if Xc is very 
much greater than R). Thus the 
width of the pulse at the base is 
proportional to rise or decay time. 
Measuring the width of the positive 
and negative derivative pulses by 
the methods previously described 
will give the values of Tm and T,„ 

Accuracy of Moasoromoaf 

The precision of the spacing meas¬ 
urement depends primarily on fre¬ 
quency. Errors which are due to 
sweep irregularity and resolution 
are quite small. However, at the 
present state of the art, frequency 
can be measured or set to better than 
one part in one million. In practice, 



FIG. 6—For mialmum error of moocuro- 
mont. tho pulco (A) chould bo locotod on 
Uio moct Unoor portloa ol tbo ilnusoldol 

swoop (B) 

therefore, the resolution of the coin¬ 
cidence setting determines the maxi¬ 
mum accuracy. 

Figure 6A shows the face of a 
cathode-ray tube with an eliptical 
pattern. An elliptical trace is used 
with conventional cathode-ray tubes 
because it insures best utilization 
of the screen area. Width of the 
trace limits the precision with which 
coincidence can be set. With a good 
cathode-ray tube, the thickness of 
the trace can be made less than 
0.0S12 inch. The length of one cycle 
of the elliptical trace depends upon 
tube diameter. A 5-inch cathode-ray 
tube will accommodate a trace length 
of approximately 12 inches. 

Figure 6B shows two sine-wave 
cycles. The sections A and A' rep¬ 
resent the maximum-velocity por¬ 
tions at the top side of the elliptical 
trace. It is on this part of the ellip¬ 
tical trace that the pulses should be 
set. The sections A and A^ include 
about plus and minus 45 degrees. 
On the elliptical sweep 90 degrees at 
the maximum-velocity portion cor¬ 
responds to approximately two- 
thirds of the horizontal deflection. 
If the coincident pulses are located 
on this maximum-velocity section, 
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the resolution error can be computed 
from 

t = (R/nD)T seconds (3) 
where • is the resolution error, R is 
the resolution in inches, D is the 
width of the sweep pattern in the 
horizontal direction, and T is the 
period of one sweep cycle. 

Equation 8 can be used with equal 
accuracy whether the sweep is ellip¬ 
tical, circular, or flat simple har¬ 
monic in character. The only re¬ 
quirement is that the displayed 
pulses be set to the maximum-velo¬ 
city portion of the sweep. 

Substituting the following typical 
values into Eq. 3 

R = 0.312 inch 
Z) = 4 inches 
r = 1 microsecond 
one obtains t = 0.0024 microsecond 
error, or an error of 0.24 percent. 

In many applications the spacing 
between trains of pulses is required. 
In this case the error would be 
divided by N-1 where N is the num¬ 
ber of pulses in the train. It can 
be seen that the error in measuring 
the spacing of a train of eleven pul¬ 
ses spaced one microsecond apart 
would be in the order of 2.4 ten 
thousandths of one microsecond or 
2.4 X lO'*** second. 

The accuracy of the measurement 
can be improved if necessary by 
using larger cathode-ray tubes and 
higher accelerating potentials to 
obtain larger and finer traces. The 
limits to the size and complexity of 
the equipment are an economic fac¬ 
tor which must be evaluated in each 
application. The accuracy figures 
shown above do not require skillful 
manipulation of the test equipment 
or careful judgment in reading any¬ 
thing but frequency. 

The method described in the pre¬ 
ceding sections has been used by the 
author with excellent success. Equip¬ 
ments of several types have been 
constructed and are now in use. 

Practical Sysfamt 

Fundamentally, there are two 
ways of using the outlined method. 
The first is to measure any of the 
quantities indicated, requiring vari¬ 
able frequency. The second is to 
set other equipments by means of 


the method, usually requiring fixed 
frequencies. However in either 
case the fundamental principles are 
identical. 

Figure 7 shows a simplified block 
diagram of a typical system and a 
typical circuit for each of the less 
standard units. The requirements 
and characteristics of each unit fol¬ 
low. 

STANDARD-FREQUENCY GEN¬ 
ERATOR may supply either fixed 
or variable frequencies in whatever 
ranges are required. This unit 
should be capable of high precision. 

FREQUENCY DIVIDERS are a 
necessary component in any system 
in which the elliptical sweep must 
be synchronized with the display. 
The sweep frequency is usually 
much higher than the pulse recur¬ 
rence frequency, and therefore fre¬ 
quency dividers are utilized. 

TRIGGER GENERATOR is used 
to sharpen the output of the fre¬ 
quency dividers and to privide a 
sharp, precise initiating pulse. 

MANUAL PHASE SHIFTER is 
useful in rotating the display with 
respect to any fixed point. This en¬ 
ables locating the pulses on the 
maximum-velocity portion of the 
trace. In an oscilloscope which util¬ 
izes radial deflection, this circuit 
might be deleted. 

SWEEP AMPLIFIERS are re¬ 
quired because most standard-fre¬ 
quency generators do not develop 
sufficient voltage to deflect the beam 
of a cathode-ray tube directly. 

PHASE SPLITTERS are used in 
obtaining an elliptical sweep. It is 
necessary to phase-shift the hori¬ 
zontal deflecting potential 90 degrees 
with respect to the vertical deflect¬ 
ing potential. The horizontal de¬ 
flecting potential is usually fed push- 
pull while the vertical phase is con¬ 
nected single-ended to one vertical 
deflecting plate. 

CATHODE-RAY TUBE is the 
heart of the equipment. The size of 
the tube depends on the accuracy 
required as well as upon economic 
factors. 


VIDEO AMPLIFIER may or may 
not be required, depending upon the 
application. It usually is connected 
single-ended, into one vertical plate 
of the cathode-ray tube. 

VARIABLE WIDTH INTENSI- 
FIER is an essential part of the 
system. The display to be observed 
may occur in only a few sweep cycles 
of each trigger recurrence cycle. If 
all the sweeps were permitted to ap¬ 
pear, very low contrast would result. 
The intensifier, analogous to the 
blanker used in television practice, 
is introduced into the grid or cath¬ 
ode circuit of the cathode-ray tube. 
It is made variable in duration so 
that any number of sweep cycles can 
be viewed at will. The possible 
ambiguity, which can occur if the 
sweep length is half of the pulse 
spacing, is removed by use of the 
intensifier. Only when the correct 
sweep length is used can the pulse 
appear as in Fig. 2C, that is, with 
an open base line under the pulse. 

MANUAL DELAY MULTIVI¬ 
BRATOR is used in many applica¬ 
tions where the phenomenon to be 
viewed is delayed with respect to the 
trigger pulse. If this is the case, 
it may be desirable to delay the inten¬ 
sifier pulse a corresponding amount 
so that no more sweep cycles are 
illuminated than are necessary. 

PULSE COUNTER is incorpor¬ 
ated if it is desirable to know the 
pulse recurrence frequency. 

Variations of Motliod 

It is not necessary to confine one¬ 
self to deflection methods to measure 
pulse characteristics. It is possible 
to obtain coincidence using intensity 
modulation as well. In this case a 
circular sweep is used, but the video 
pulses are connected to the grid cir¬ 
cuit of the cathode ray-tube, while 
the intensifier pulses are impressed 
on the cathode. A bright spot will 
appear on the dimmed trace corre¬ 
sponding to each pulse instead of a 
deflection of the trace. When the 
bright spots merge, coincidence is 
obtained. 

There is a limitation to the fore¬ 
going method. In those Instances 
where the triggering pulse, which 
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initiates the phenomenon to be meas¬ 
ured, is derived from the sweep fre¬ 
quency, the pulse rate will chanfire 
as the sweep length is altered to ob¬ 
tain coincidence. The pulse rate 
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must be an integral submultiple of 
the sweep frequency, therefore at 
high pulse rates it may not be pos¬ 
sible to obtain a desired value of 
pulse repetition frequency. For ex- 

BIBLIOGRAPHY 


Electronics.’* Prentice Hall, p 293-822. 

(18) Watson Watt. “Cathode Ray Tubes 
in Radio Research,” H. M. Stationery Office, 
I/ondon. 

(19) Richter, W., Beam Blanking CIreult 
for Oscilloscopes, Elbctronich, n 128, 1944. 

(20) Atwood, Horace J., A Owen, R. P., 
Oscilloscope for Pulse Studies, Electronics, 
p no, Dec. 1944. 


Pulse Counters 

(21) Case, N. P., Precise Method of Meas¬ 
uring Frequencies from Five to Five Hundred 
Cycles, Proc. IRE, p 1586. Sept. 1930. 

(22) Hunt. F. V., Direct Reading Fre¬ 
quency Meter, Review of Scientific Instru¬ 
ment», p 43, Peb. 3985. 

(23) Guarnaschelli, F. A Vecchlacehi. F.. 
Direct-Reading Frequency Meter, Proc. IRE, 
p 659. Apr. 1031. 


Video Amplififrs 

(24) Wheeler, H. A.. Wide Band Ampli- 
flers for Television, Proc. IRE, p 429, .luly 
1939. 

(26) Terman, F. R.. ‘‘Radio Engineers* 
Handbook,” McQraw-Hill Book Co., New 
York, p 413-484. 

(26) Zworykin, V. K.. A Morton. G. A., 
'Television : The Electronics of image Trans¬ 
mission,” John Wiley A Sons, Inc., New York, 
p 394-440. 

(27) Seely and Kimball, Analysis and De¬ 
sign of Video Amplifiers. R.C.A. Review, p 
171-183, Oct. 1987; p 29<i 308. Jan. 1939. 

(28) Everest, P, A., Wide-Hand Television 
Amplifiers, Elbctronich, p 16-19. Jan. 1938. 


Phase Splitters 

(29) Mesiiy, R.. Generator of Polyidiase 
OHcillatiotiH. Proc. IRE, p 471, Sept. 1925. 

(80) Barrett, R. M.. N Phase RC Oscil¬ 
lators, Proc. IRE, p 541-645. 


ample, if the sweep frequency is 
100 kc, it is not possible to obtain a 
pulse rate of 10.6 kc. The closest 
that one could approach the desired 
rate is 10.0 kc or 11.1 kc. 


(31) Terman, F. E., “Radio Engineers* 
Handbook,'* McGraw-Hill Book Co., New 
York, p 154-164. 

(32) Hersbenberger, W. D., Generating 
Circular Traces, Proc. IRE, p 205, Apr. 1944. 


Phase Shifters 

(33) Puckle, 0. S.. “Time Bases,** John 
Wiley A Sons, Inc., New York, p 190191. 
1943. 

(34) Muller, Garman, Droz. “Experimental 
ElectroiilcH,'* Prentice Hall, p 290-305. 

(35) Everest, F. A,, Phase Shifting up to 
350 Degrees, Electronics, p 46. Nov. 1941. 

(36) Terman, F. E.. “Radio Engineers* 
Handbook." McGraw-Hill Rook Co., New 
York, p 949-9,50. 


Trigger Generators 

(37) Zworykin, V. K. A Morton. G. A.. 
“Television : The Electronics of Image Trans¬ 
mission,” John Wiley A Sons, Inc., New 
York, p 949-960. 

(88) Bralnerd, J. Q.. “UHF Techniques.” 
1). Van Nostrand A Co., New York, p 168- 
207, 1942. 

(39) Puckle, O. S. “Time Bases.” John 
Wiley A Sons, Inc., New York, p 36-62, p 
63 69, p 184-189, 1943. 

(40) Muller, Garman, Droz. "Experimen¬ 
tal Electronics,** Prentice Hall, p 287-290. 

(51) Phelps. B. E., Dual-Trioae Trigger 
Circuits, Electronics, p 110, July 1945. 

(52) Kiernan, K. F., Microsecond Pulse 
Generator, Electronics, p 141, Sept. 1944. 


Standard Frequency Generators 

(53) Terman. F. K.. “Radio Engineers* 
Handbook,” McGraw-Uill Book Co., New York, 
p 480-516, p 951 957. 

(54) Terman, F. E.. “Measurements in Ra 
dio Engineering,” McGraw-Hill Book Co.. 
New York. 


Measurement of Velocity of Propagation 

in Coble 

In determining electrical length of vhf lines, it is necessary 
to know the velocity of propagation in the particular cable 
that is used. A simple, resonant, substitution measurement 
made with the instrument described gives that information 


By B. KRAMER and FREDSTOLTE 


O NB or THB importsnt character- 
isties of an ultrahigh-fre- 
quency tranamiaalon line la the veloc¬ 


ity at which an electromagnetic wave 
propaaatee through it. Not only is 
knowledge of thie vdocity eseential 


in determining the lengths of solid 
dielectric tuning stubs used for im¬ 
pedance matching, but it is also vital 
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TAILE 1—DiPINITION OP SYMIOLS 

c 

— wave velotuty in air, 3 X 10^® cm 


per sec 

f 

— frequency, see text prec^eding 
each equation 

k 

— dielectric constant 

1 

— length of line, in cm 

V 

— wave velocity in line, in cm per 


sec 

Zo 

— characteristic impedance of line, 
in ohms 

Zi 

— input impedance of line, in ohms 

X 

— wavelength in line, in cm 


when the line is used as a harness 
where exact physical lenfirths must 
represent exact electrical lengths. 

For these reasons and as a method 
of quality control it is necessary to 
measure the velocity of propagation 
of each reel of transmission line. 
This becomes a large scale operation 
where, for example, over two million 
feet of polyethylene insulated trans¬ 
mission line is manufactured in a 
month. 

Velocity of propagation varies in¬ 
versely as the square root of the di¬ 
electric constant of the material sep¬ 
arating the inner and outer con¬ 
ductors of a coaxial, transmission 
line. The relative velocity of propa¬ 
gation is found by the relation v/c = 
l/\/k where the significance of the 
letters is given in Table I. Thus it 
can be seen that any change in the 
dielectric constant will result in a 
variation in the velocity of propaga¬ 
tion. 

The two following expressions 
from transmission line theory are the 
basis for the method of measuring 
the velocity of propagation, which is 
described in a Naval Research Labor¬ 
atory report, ''Methods of Measuring 
the Electrical Characteristics of 
Transmission Lines at Ultra High 
Frequencies”. 

The velocity of propagation is 
equal to the wavelength times the 
frequency in cycles per second or 
V == X/, and the input impedance of 
an open-circuited, low-loss line is 
given by the expression Zt = yZ«cot 

FIG. 2—CoiBpl«t« circuit ol the velocity ol 
propofotioii mooMirbie lastnimont • 


(2ici/X}. It can be seen that when I 
is equal to an odd number of quarter 
wavelengths the quantity cot2icZ/X is 
equal to zero and therefore the line 
will act as if its input end were short 
circuited. 

Method of Mootoromoof 

Referring to Fig. 1, which is a 
simplified schematic of the velocity- 
of-propagation meter circuit, one 
sees that two circuits LtCx and L»Cs 
will resonate at the same frequency 
if the transmission line acts as a 
short circuit. This will occur only 
when the frequency of the generator 
is such that the electrical length of 
the transmission line is exactly an 
odd number of quarter wavelengths. 

This condition of zero impedance 
is approached by first tuning capaci¬ 
tor Ct so that the whole circuit is in 
resonance and then short circuiting 
the input end of the transmission 
line. If resonance is disturbed the 
circuit is returned with capacitor Ca. 
The procedure is repeated until open 
and short circuiting the transmission 
line does not disturb the resonant 
condition of the measuring circuit. 
By measuring the frequency at which 
no resonant disturbance occurs and, 
knowing the physical length of the 
transmission line, the velocity of 
propagation can be determined. 

The method just outlined is obvi¬ 
ously not adaptable to mass produc¬ 
tion methods which require accurate 
results, rapidly obtainable by un¬ 
skilled personnel. The Naval Re¬ 
search Laboratory, recognizing this, 
developed an instrument for precise 
measurement which they have called 



FIG. 1—Fr«qtt«ncy ii ttdiiislad untU cable 
under tent presents a short circuit to the 
instnunent 


the VP Meter. In this instrument, 
which employs the principles out¬ 
lined, it is only necessary to insert 
the prepared end of a transmission 
line of predetermined length and ad¬ 
just a single dial until a maximum 
indication is shown on the meter. 
The relative velocity of propagation 
is then read directly from the fre¬ 
quency dial or from a calibration 
table. 

The instrument developed and 
built by Federal's engineers is based 
on this design but is modified to en¬ 
able it to be used for a wide variety 
of sizes of coaxial and dual transmis- 
.sion lines, and to have a finer tuning 
control. 

The sample of solid polyethylene 
transmission line is cut exactly 150 
cm long which represents 1 of a wave¬ 
length at approximately 100 mega¬ 
cycles for the velocity of propagation 
of this particular cable. 

The velocity of propagation in per¬ 
cent is calculated as follows when 
frequency is in me v/c =z Xf x 
lOVc. From the above values, Z = iX 
— 150 cm, thus X = 200 cm. Substi¬ 
tuting this value of wavelength into 
the foregoing equation gives v/c = 
200/ X 10V3 X 10“ = if. Thus the 
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relative velocity is a direct function 
of the resonant frequency. 

The speed of measurement on the 
VP Meter is due to the fact that the 
oscillator and indicator circuits are 
ganged together and always tuned to 
the same frequency when the trans¬ 
mission line receptacle is short cir¬ 
cuited. As before, this condition will 
occur when the frequency is such 
that the cable is exactly JX and is in¬ 
dicated by a maximum reading on 
the vacuum-tube voltmeter which is 
a sensitive, resonance indicator. 

Figure 2 is a schematic circuit of 
the VP Meter. On the lefthand side 
is the oscillator circuit which can 
be tuned from 95 to 106 megacycles 
by means of capacitor C,. The in¬ 
ductor L, is very loosely coupled 
through an electrostatic shield to in¬ 


ductor La in the indicator circuit. 
Padding capacitors are provided in 
each circuit to obtain close" tracking 
throughout the frequency range. 

To insure the accuracy of results, 
it is only necessary to check the fre¬ 
quency calibration of the dial and 
the tracking between the two cir¬ 
cuits. Frequency calibration is eas¬ 
ily checked against a calibrated fre¬ 
quency standard. Tracking is checked 
by merely inserting a copper short¬ 
ing rod in the line receptacle and 
noting the change in meter deflection 
over the frequency range. A two- 
percent change in meter deflection 
would still represent negligible error 
in measurement. No change in meter 
deflection indicates perfect tracking. 

Three calibrated, test samples are 
used for frequently checking the cali¬ 


bration of the instrument. The sam¬ 
ples consist of solid dielectric lines 
that have been pulled into a tight 
fitting copper tube and sealed, the 
tube serving as the outer conductor. 
The velocities of propagation in 
these samples have been adjusted so 
as to bracket the range of the instru¬ 
ment. 

The time required to measure the 
relative velocity of a prepared cable 
sample with this instrument is only 
about ten seconds. The total error 
due to working limitations is esti¬ 
mated to be less than two percent. 
The standard deviation in the meas¬ 
urement of a large number of sam¬ 
ples of a single type of transmission 
line does not exceed 0.08 percent, the 
major part of which is due to vari¬ 
ations in the samples themselves. 


High-Resistance D-C Voltmeter 

Design of a reflex vtvm for measuring voltages of sources 
having an internal resistance as high as 1,000 megohms. 
The maximum error on any scale is less than eight percent 
and, for the upper sixty percent of scale, less than five per¬ 
cent. At 100 megohms internal resistance, the errors are 
five and two percent respectively 

By D. L. WAIDELICH 


A d-c vacuum-tube voltmeter with 
a very high input resistance was 
developed and found to be quite use¬ 
ful in general electronics laboratory 
work. The resulting instrument has 
a linear scale substantially inde¬ 
pendent of tube characteristics: it 
possesses over-voltage protection; it 
has a very high input impedance; 
and it is particularly unique in that 
an electrical zero adjustment is not 
used. 

The circuit is that of a reflex volt¬ 
meter'* and has found application 
lately in a commercial vacuum-tube 
voltmeter*. The voltmeter to be de¬ 
scribed differs from this one mainly 
in that over-voltage protection is 


furnished and no electrical zero ad¬ 
justment is used. 

The abbreviated circuit of the volt¬ 
meter is shown in Fig. lA. The volt¬ 
age to be measured is E, and the 
negative feedback introduced by the 
resistance R makes the voltmeter 
linear over a large range of voltages. 
The simplifled equivalent circuit of 
the voltmeter is given in Fig. IB if 
the assumption of linear tube char¬ 
acteristics is made. By solving the 
circuit equations, the current 
through the meter is 

,• g + (1 /m) gt 
*' * (1 + 1/m) + 1/y- ' ' 

where gm - 

If the tube used has both a high 


amplification factor /a and a high 
mutual conductance the current 
ip becomes 

ip « E/R (2) 

This indicates that for large values 
of applied voltage E, the meter cur¬ 
rent i, is substantially independent 
of the characteristics of the tube and 
of the plate voltage supply and de¬ 
pends only on cathode resistance R, 
This property of the circuit will 
largely eliminate the problem of tube 
replacements, because no recalibra¬ 
tion will be necessary when the tube 
is replaced. 

Residsol Carrest 

When applied voltage E is zero, 
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TABLE I —EXPERIMENTAL RANGE DESIGN the paralleled resistance of the meas¬ 

uring cable of the tube and tube 
socket to ground, and of any resis¬ 
tance that may be added for reasons 
to be given later. The resistance be¬ 
tween the grid and the cathode ter¬ 
minals of the tube and the tube socket 
is shown as while that between 
grid and plate is R,. Both the resis¬ 
tances of the cable and of the tube 



the meter current ip becomes 
ft(l + i/m)+I/O, 

which might be called the residual 
current. In most cases R>l/g„, and 
/x»l, and hence 


(1/iu) E, 
R 


This residual courrent can be bal¬ 
anced out by means of a circuit 
involving a zero adjustment, or the 
current can be kept as low as possible 
by making the plate voltage small 
and making the amplification factor 
large. This latter method is the one 
adopted for this voltmeter in 
that it completely eliminates any 
zero adjustment, but it does mean 
that a small residual current is al¬ 
ways present with the input termin¬ 
als of the voltmeter shorted. The 
current through the meter given by 
Eq. 1 will be proportional to applied 
voltage E except for the residual cur¬ 
rent of Eq. 3. 

If the residual current is made 
small, the maximum error should 
occur at the lower end of the meter 
scale, and the error should be small¬ 
est at the top end. To make R large 
means that the current meter used 
must have a full scale current that 
is as low as possible. A compromise 
in the interests of ruggedness was 
a panel-type microammeter. 


SafsrofioN for Safely 

The voltmeter circuit will start to 
saturate when the grid voltage e, is 
zero. When the circuit equations are 
solved under these conditions, it is 
found that the applied voltage E is 


and, because tptR, 


E ^ Eh (6) 

The voltmeter thus starts to saturate 
when the applied voltage becomes 


are usually several thousand meg- 
equal to the plate voltage of the tube. ohms. 

Grid current actually flows before 
the point e,=0 is reached, and hence 

to prevent the grid current from The solution of the circuit equa- 
making the voltmeter non-linear and tions along with the use of the ap- 
from reducing the input impedance, proximation Vp€R shows that the 
the plate voltage E^ is made some- input impedance of the voltmeter ap- 
what larger than the full applied pears to be composed of three resis- 
voltage E. When E is made larger tances in parallel as given in Fig. 2B. 
than Eh, the voltmeter starts to draw Two of the resistances are negative, 
grid current, saturation sets in, and while the third is positive. Because 
the meter current stops increasing, the positive resistance R,. i.s usually 
Hence, this property of saturation smaller than the two negative resis- 
can be used to prevent meter over- tances in parallel, the input resis- 

tance R^ is positive and slightly 

In all cases, was adjusted so greater than R,, It should be noticed 
that the meter current with over- that /?, varies with the voltage E to 
loads did not become more than three be measured, and increases in mag- 
times the full-scale current. The nitude as E decreases. Grid current 
meters withstand this amount of flow which becomes large as E ap- 
overload current without injury. The proaches E^, will reduce the input re¬ 
full scale deflection of the meter used sistance /?<. Positive ion flow to the 
should occur when grid also becomes important as E ap- 

E ^ Eb (7) proaches Eh- 

If the grid current of the tube If the input terminals of the volt- 
is neglected, the input resistance meter are open-circuited, no current 
Ri of the circuit can be calculated can flow into the meter, and an equi- 
from Fig. 2A in which R^ is librium point must be reached such 



no. 1—<A) iotlc dfcuH diagram of Urn d-c voltmotor. (B) Me ogatvaloat dremtt 

oi r a a fid lor aoolyila 
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FIG. 2—(A) Circuit for calculation of tho input rooistonco of tho d-c Toltmotor. (B) Equira- 
lont input circuit composod of two noqatiTO roiiitoncoi and on# pooitiTO rooiitanco 


that the negative resistances must be 
equal to the positive resistance. Neg¬ 
lecting grid current. thisS equilib¬ 
rium point occurs when 

^ -f H,. 

_ i_ 1 

R, Ra (i -f Rj. 

Equilibrium will occur when E ap¬ 
proaches Et if Rr is very large, and as 
E approaches zero if R, is very small. 
This indicates that on open-circuit 
the meter may indicate full scale or 
even more, but the pointer will not go 
past the saturation point in any case. 
The open-circuit reading can be re¬ 
duced by decreasing i?,. but this will 
also reduce the input resistance of 
the voltmeter. Equation 8 also indi¬ 
cates that as the internal resistance 
of the voltage to be measured ap¬ 
proaches the parallel resistance of 
R§il+h)f and Rp, the accuracy of 
measurement will become poor. 

An e:{cperimental circuit was con¬ 
structed using a 6F5G tube because 
this had a high amplification factor 
and a fairly high mutual conduct¬ 
ance. A 0-100 microampere, d-c in¬ 
strument was chosen to indicate the 
applied voltage, and three scales of 
60, 100, and 250 volts were decided 
upon. Table I indicates the design 
and experimental results for each of 
these ranges. 

The cathode resistor R is deter¬ 
mined by dividing the range in volts 
by the full-scale current in amperes 
of the meter used. The plate voltage 
used must be large enough so that no 
appreciable grid current flows over 
the useful range of the meter but 
small enough so that neither the resi¬ 
dual current, nor the saturation cur¬ 
rent, is too large* 


The open-circuit current was 
found always to be somewhat smaller 
than the saturation current except 
for the 50-volt range, where it is 
much smaller than the saturation cur¬ 
rent. The reason for this is that grid 
current flows in larger quantities just 
above full scale, and this has the ef¬ 
fect of reducing R^. 

A twenty-volt full-scale was found 
successful, but was not used. Any 
range below this could not be used, 
because the conditions for linearity, 
residual current, and saturation cur¬ 
rent could not be met adequately. 
Ranges above 250 volts are very suc¬ 
cessful and are limited only by what 
plate voltages the tube must with¬ 
stand. 

It was found that for voltage 
sources whose internal resistance 
was 100 megohms or below, the maxi¬ 
mum error on any scale was less than 
5 percent, while for the upper sixty 
percent of the scale the error was less 
than two percent. When the voltage 
sources had a resistance of 1000 


megohms, the errors became eight 
and five percent respectively. 

To keep the open-circuit reading 
of the voltmeter below full-scale, a 
10,000-megohm resistor from the 
grid of the 6F6G tube to ground 
was successful. 

Any alternating voltage superim¬ 
posed on the direct voltage to be 
measured is kept out of the meter by 
the use of a simple low-pass filter con¬ 
sisting of a high resistance in the 
probe and the shunt capacitance of 
the cable to the voltmeter. An addi¬ 
tional mica capacitor may be neces¬ 
sary in some cases. 

The circuit diagram of the volt¬ 
meter constructed is shown in Fig. 3. 
No voltage regulator is needed in the 
power supply because the reading of 
the voltmeter is not affected by small 
changes in the plate voltage. Preci¬ 
sion resistors are used in the cathode 
circuit in series with the microam¬ 
meter, because on these resistors to 
a large extent depends the accuracy 
of the instrument. The heater of the 
6F5G tube was left floating. Chang¬ 
ing tubes had no effect on the cali¬ 
bration. 

In addition to the advantage of 
high input resistance, the vacuum- 
tube voltmeter described can have its 
tubes changed without affecting cali¬ 
bration and poor regulation of sup¬ 
ply voltages does not affect operation. 
It was found to be simple to build 
and to operate and also features a 
linear scale and over-voltage protec¬ 
tion. 

Its disadvantages are that it meas¬ 
ures positive direct voltages only; is 



FIG. S— Ceaplat* circuit of tha high Input rostetanca d< voltMtar 
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not suitable for use on low voltages; 
has a residual current indication; 
and indicates a reading with the in¬ 
put open-circuited. 
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Measuring Mutual Inductance and 

Capacitance 


Most standard methods of measur¬ 
ing mutual inductance become 
inaccurate when applied to the meas¬ 
urement of mutual inductances cor¬ 
responding to small coefficients of 
coupling, such as those commonly 
encountered in radio circuits. This is 
true in particular of the widely used 
method of determining mutual in¬ 
ductance in terms of self-inductance, 
by connecting the two windings 
series-aiding and series-opposing. 

For example, to determine mu¬ 
tual inductance accurately to 1 per¬ 
cent by this method, for a case where 
the coefficient of coupling is 5 per¬ 
cent, the self-inductance has to be 
measured with an accuracy of 0.5 
percent, which is beyond the accuracy 
oi ordinary inductometers and 
bridges. It is readily seen that an 
error of 0.5 percent in the latter, un¬ 
der the same eonditions, could lead to 
an error of 10 percent in the mutual 
inductance. 

The method of simple opposition 
devised by Felici is not subject to 
this difficulty and enables the mutual 
inductance to be determined with an 
accuracy equal to that of the induc- 





Fig. I — VwM dfcvlt for moararlBg mu- 
tuol faidiictaaeo botweoa ooUs barlag somII 
ceeilldeBt of eoeplbie 


By A. W. SIMON 

tometer used. Furthermore, if an in- 
ductometer of the Brooks type is em¬ 
ployed, the range of the Felici method 
can be extended in the direction of 
lower inductances by incorporating 
a switch, by means of which one 
winding of the inductometer can be 
reversed; the unknown inductance is 
then equal to one-fourth of the dif¬ 
ference of the inductometer readings 
for the two positions of the switch. 

Unfortunately, if the two coils to 
be measured are enclosed in a shield 
can, the simple Felici arrangement 
fails to give a perfect null. This is 
due to the fact that the shield intro¬ 
duces an out-of-phase component, 
which cannot be balanced out by mu¬ 
tual inductance alone. In this case, it 
is necessary to resort to Campbeirs 
modification of the Felici circuit, in 
which this component is balanced out 
by a portion of the primary voltage 
introduced into the secondary by 
means of a slide wire potentiometer. 
With an inductometer of the Brooks 
type, this arrangement also can be 
extended in the direction of lower 
mutual inductances by incorporating 
a reversing switch and taking one- 
fourth of the difference of the corre¬ 
sponding readings. 

Improved Circuit 

A practical circuit is given in Fig. 
1 for the measurement of mutual in¬ 
ductance between coils, both unen¬ 
closed and enclosed in shield cans. 
This circuit is based on the Campbell 
modification of the Felici circuit and 
employs an inductometer of the 
Brooks (or other ±:2M) type and re¬ 
versing switch. It is particularly suit¬ 


able for the accurate measurement of 
mutual inductance between coils with 
small coefficients of coupling such as 
are frequently encountered in radio 
work, and enables such a measure¬ 
ment to be carried out with an ac¬ 
curacy equal to that of the induc¬ 
tometer used. It can also be used to 
set coils very quickly and accurately 
to a predetermined mutual induct¬ 
ance or coefficient of coupling—a feat 
which is only difficultly accomplished 
by means of a bridge. The circuit is 
particularly recommended to the ra¬ 
dio industry for use in connection 
with the determination of the coeffi¬ 
cient of coupling of i-f transformers, 
instead of the now widely used but 
inaccurate method employing a self¬ 
inductance bridge. 

Opurofion 

To make a measurement of mutual 
inductance, the inductometer is read 
for the two positions of the revers¬ 
ing switch. The unknown inductance 
is then equal to one-fourth of the dif¬ 
ference between the corresponding 
self-inductance readings. To get a 
perfect null in both positions, the 
manner of connection of the un¬ 
known must be carefully preserved. 
If a perfect null is obtained for only 
one throw of the switch, the connec¬ 
tions of one coil of the unknown 
should be reversed. For the measure¬ 
ment of coils unenclosed in shield 
cans, the slider is set to the aero 
position. 

Analysis of the circuit of Fig. 1, 
as well as that employing a self-in¬ 
ductance bridge, reveals that for coil| 
enclosed in shield cans, the '^mutual 
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inductance*’ actually measured is the 
quantity 

w-i-i) 

where is the mutual inductance 
between the coils 1 and 2, Ma and 
Mra are the mutual inductances be¬ 
tween the respective coils and the 
shields, and La and Qr« are the self 
inductance and Q respectively of the 
shield itself. 

For setting the coupling between 
two coils to a definite value k, the 
self-inductance L, and La of the coils 
is first measured on a bridge and the 
required mutual inductance M calcu¬ 
lated from the equation 

The reading L of the inductometer 
for the neutral position of the in¬ 
ductometer coils is then determined, 
and the inductometer set to a self¬ 
inductance reading given by 

La-- L + 2M 

One of the coils is then moved until 
the null point is reached. The setting 
can be checked by throwing the re¬ 
versing switch and observing 


whether a null point occurs at the 
reading Lb given by 

I* - L - 2ilf 

The given procedure is very useful 
in making up standards for i-f trans¬ 
formers and other units. 

Mutuol Copocitonce 

For control of the capacitive 
coupling of coils enclosed in shield 
cans, particularly i-f transformers, 
a measurement of the "‘mutual ca¬ 
pacitance” or intercoil capacitance 
(more correctly, the coefficient of 
electrostatic induction between the 
coils) becomes desirable. This meas¬ 
urement can be carried out as fol¬ 
lows (Fig. 2): 

(A) Capacitance of coils 1 
and 2 connected together with re¬ 
spect to the shield (grounded) is 
measured. 

(B) Capacitance Cu of coil 1 with 
respect to the shield and coil 2 (both 
grounded) is measured. 

(C) Capacitance Cn of coil 2 with 
respect to the shield and coil 1 (both 
grounded) is measured. 

The “mutual capacitance” or co¬ 
efficient of electrostatic induction 



(A) t I 2 




Fig. 2 —Thr»0 it^pg for dstormining mutufld 
ccq>acitanc0 b«tw«ga two colU 

of coil 1 with respect to coil 2 is then 
given by 

Cit « 0.6 - Cn - Cn) 

In accordance with electrostatic 
theory, the quantity Cu is negative. 


Carrier-Frequency Voltmeter 


Strength of signals received over power lines, telephone lines and cables in the range 
between 20 and 500 kc is directly indicated in db, using a fixed-gain double-superhetero¬ 
dyne receiver. A built-in calibration oscillator is provided 

By PAUL BYRNE 


T he carrier-frequency voltmeter 
to be described was developed 
primarily for making measure¬ 
ments on power lines, telephone 
lines and cables in the region 
between 20 and 500 kc. The specifi¬ 
cations to which the instrument per¬ 
forms are based on the require¬ 
ments of the Pacific Gas and 
Electric Company. Special features 
were suggested by engineers of the 
Bell Telephone System. 

The instrument is essentially a 
fixed-gain double-superheterodyne 


radio receiver covering the required 
frequency range. The d-c output of 
the final detector operates a micro¬ 
ammeter calibrated in db. A vari¬ 
able attenuator, connected between 
the input terminals and the first 
grid, provides a wide range of meas¬ 
urable voltages. An injection oscil¬ 
lator, in effect a signal generator, 
is included to facilitate calibration. 

Circuit Detoils 

Referring to the block diagram 
of Fig. 1 and the complete sche¬ 


matic of Fig. 2, the input filter is 
of the bandpass variety. The attenu¬ 
ator consists of a wire-wound sec¬ 
tion and a carbon-resistor section, 
and operates in 10-db steps. 

The variable-frequency oscillator 
beats with incoming signals in the 
carrier-frequency range and pro¬ 
duces a 1,500-kc signal at the input 
of an adjustable-gain i-f amplifier. 
Temperature stabilization of the 
vfo is accomplished by means of a 
variable capacitor consisting of two 
fixed plates about i inch by H 
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FIG. 1 —Functional block diagram 


inches in size and an intermediate 
movable plate operated by a 24-turn 
spiral of thermostatic bimetal. The 
output of the 1,600-kc amplifier 
combines in a second detector with 
that of a 1,675-kc crystal oscillator 
to produce a 175-kc signal which is 
fed to a fixed-gain i-f amplifier. 


Output of the 176-kc amplifier goes 
to a third detector. The audio out¬ 
put of this detector drives an a-f 
amplifier operating a headset used 
for monitoring. The d-c output of 
the third detector operates the indi¬ 
cating meter, which is a 0-200 mi- 
croammeter. 


The injection oscillator delivers 
0.77 volt (0 db) to the input circuit 
of the instrument, operating at 100 
kc. A switch permits the output of 
the injection-oscillator monitoring 
diode to be read on the indicating 
meter for calibration purposes. 
Adequate signal input is provided 
so frequency calibration of har¬ 
monic points above 100 kc on the 
dial can be checked from the injec¬ 
tion oscillator. 

The carrier-frequency voltmeter 
will handle from 77 microvolts to 77 
volts at the input, or 80 db below 
to 40 db above zero level (1 milli¬ 
watt into 600 ohms). Selectivity 
characteristics are approximately S 
db down at 1 kc off resonance, 18 db 
down at 3 kc off resonance and 40 
db down at 7 kc off resonance. 

Input impedance is 10,000 ohms 
in the rejection band, and approxi¬ 
mately 20,000 ohms in the pass 
band. 



FIG. 2—CempUt# drcuit diagiom ol Uw lastnimanl 
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Engineering Approach to Waveguides 

Practical considerations in the choice and fabrication of wave guides are considered from 
the engineering viewpoint. The advantages of hollow, rectangular guides are described by 
comparison with coaxial cable characteristics at super high frequencies 


U NTIL A FEW YEARS AGO, wave 
guides were a type of trans- 
mission line having considerable 
theoretical interest but little practi¬ 
cal utility. The basic physical prin¬ 
ciples governing their operation were 
developed and published before the 
war/’ •’ * but widespread use during 
the last few years has reduced their 
seemingly complex behavior to a set 
of engineering principles, sufficient 
for most microwave transmissions. 

Choice of Coodoetor 

When a transmission line is to be 
chosen for microwave frequencies, 
the choice must usually be made be¬ 
tween rectangular wave guide and 
coaxial line. The coaxial line may be 
either ri^rid line or flexible cable, but 
both are operated with the principal 
mode (TEM) carrying energy, along 
with the first of the higher order 
modes (TEux) that will be able to 
carry energy as the wavelength is 
reduced. The cutoff wavelength of 
this higher mode is given to a good 
approximation by X« = 2xVc(b + 
a)/2, where a is the outside diameter 
of the inner conductor and b the in¬ 
side diameter of the outer conductor. 
A coaxial line is normally operated 
below cutoff for this higher mode. 
For a given operating frequency, a 
maximum limit is therefore set on 
the transverse dimensions of the line. 

A practical wave guide is usually 
rectangular in cross section and is 
operated with the first of the higher 
order modes carrying energy. This 


By THEODORE MORENO 

is the TEi ,« mode, also known as the 
dominant mode in rectangular wave 
guide. It is illustrated in Fig. 1, 
along with some of the possible 
higher modes. To carry energy in 
the dominant mode, a rectangular 
wave guide must exceed certain min¬ 
imum dimensions, but to avoid the 
higher modes, must not exceed cer¬ 
tain maximum dimensions. 

Circular wave guides are usually 
avoided because there is a very nar¬ 
row frequency range over which any 
given size of guide is above cutoff 
for the dominant (TEt,i) mode but 


will not carry energy in any of the 
other higher modes. Furthermore, 
any ellipticity or obstacle in the wave 
guide is likely to elliptically polarize 
the traveling wave, making it diffi¬ 
cult to handle at the output. 

Sometimes the TMo. i mode in cir¬ 
cular wave guides is used because it 
combines circular symmetry with 
high power-carrying capacity, but 
care must be taken to avoid the lower 
modes, especially when the guide is 
long and resonances are likely to be 
encountered. Other odd shapes of 
wave guide offer possibilities of 



FIG. 1—The dUtrlbutlOB of tho IrcmtTorM oloetrie (telld) and troniTono mognotic 
(dcMlMd) wovoi la war# galdot of vorloui roctaagiilar cron socUoas. Tho gooiaotry 
oi (ho galdo Is usually such (hat ealy (ho doailaoBt modo (TC^, J I* oboro cutoff. A 
low oi (ho hlghor aiodos oro showa 
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smaller size or greater bandwidth, 
but to the present time rectangular 
guides have been most widely used, 
and the subsequent discussion will 
be confined to guides of this type. 

Lew Atfeaeotien la Gvidet 

One of the principal advantages 
offered by rectangular wave guides 
is their low attenuation. The losses 
in a rigid, air-dielectric coaxial line 
will usually be at least half again as 
great as the losses in a wave guide, 
and the losses in standard coaxial 
lines are usually about three times as 
great as in standard wave guides op¬ 
erating at the same frequency. A 
flexible cable with polyethylene di¬ 
electric has even greater losses, 
usually about twenty times the loss 
in a wave guide. 

High-Power Capacity 

An additional advantage offered 
by wave guides is their high power¬ 
carrying capacity. The power-carry¬ 
ing capacity of a wave guide will be 
from three to ten times as great as 
in a standard coaxial line, if the limit 
is set by the dielectric strength of 
the insulator. A large flexible cable 
will be able to handle peak powers 
that are comparable to those handled 
by an air-dielectric coaxial line, but 
the average power is greatly limited 
by the heating of the inner con¬ 
ductor, and will be several thousand 
times less than the capacity of a 
wave guide. 

A still further advantage of wave 
guides is their mechanical simplicity. 
This arises chiefly from the fact that 
with a coaxial line it is necessary to 
support the center conductor. This 
can be a severe mechanical problem 
if the support must at the same time 
have good mechanical strength and 
not interfere with the electrical prop¬ 
erties of the line. 

The advantages that are offered by 
a wave guide may be offset by its 
size. For a given operating fre¬ 
quency, there is a minimum limit set 
on the dimensions of a wave guide, 
while no such restriction applies to 
coaxial lines. At frequencies much 
lower than 8,000 me, the size and 
weight of wave guides become pro¬ 
hibitively large for all but certain 
limited applications. At higher fre¬ 


TABLE 1—Comparison ol Transmission Lines for 5,000 me 


Type of line 

Rectangular 
wave guide 

Rigid 

Coaxial line 

Flexible cable 

Army-Navy type no. 

RCr-49/U 

RG-76/U 

RG-9/U 

outside dimensions. 

2 X 1 in. 

.'S/S in. diam 

0.420 in. diam 

conductor material. 

brass 

brass 

inner conductor 

7/21 AWG silvered 
copper 

outer conductor 
double braid, inner 
silvered copper, outer 
copper 

surface finish. 

sflver 

silver 

silver 

dielectric... 

air 

air 

polyethylene 

weight lb per ft 

1.40 

0 292 

0.150 

attenuation db per ft 

0.011 

0.035 

0.23 

recommended power rating. 

i. 2 megawatts 

0.3 megawatts 

4,000 volts rms max 

66 watts continuous 


quencies wave guides lose their 
awkwardness, and above 10,000 me, 
their size becomes an advantage. 
Methods of fabrication approaching 
jewelers’ techniques are needed for 
coaxial line structures operating un¬ 
der similar conditions. 

DIsodvostoga of Limlfod lasdwidfli 

Another great disadvantage of 
wave guides is their restricted band¬ 
width. A given wave guide is limited 
by theoretical considerations to a 
2:1 frequency range, if both cutoff 
and higher modes are to be avoided. 
The practical necessity of avoiding 
the high attenuation region near cut¬ 
off still further lowers this figure, 
and in practice it is necessary to 
limit a wave guide of fixed dimen¬ 
sions to about a 1.5:1 frequency 
range. A coaxial line, on the other 
hand, can be operated, in theory at 
least, at any frequency for which the 
higher modes are below cutoff. But 
this range is usually restricted be¬ 
cause supports must be provided for 
the center conductor. A flexible ca¬ 
ble, in which the center conductor n 
continuously supported by the flex¬ 
ible dielectric, does not encounter the 
same limitation, but when air dielec¬ 
tric is used, dielectric beads or stub 
lines must be used for support. A 
broad-band stub support is usually 
not operable over much greater than 
a 1.5:1 frequency band, and paired 
or multiple bead supports are even 


less satisfactory at microwave fre¬ 
quencies. Undercut dielectric beads 
have been designed which are satis 
factory at all frequencies below sev¬ 
eral thousand megacycles, but they 
offer mechanical difficulties in long 
lines. 

Cables, by their flexibility, have 
advantages over wave guides, but to 
offset this, a variety of designs of 
wave guide have been developed 
which are usually flexible enough for 
most practical applications, and have 
attenuation that is not greatly in ex¬ 
cess of the rigid guides. 

For purposes of comparison, the 
properties of a typical rectangular 
wave guide, rigid coaxial line, and 
flexible coaxial line at a frequency 
of 5,000 me (6 cm wavelength) are 
summarized in Table I. 

When a rectangular wave guide is 
chosen for a particular frequency or 
band of frequencies, the larger in¬ 
side dimension of the guide must be 
greater than a half free-space wave¬ 
length for the lowest frequency sig¬ 
nal to be passed, if the dominant 
mode of transmission (T^i.») is to 
be above cutoff. But that dimension 
must not exceed a full wavelength or 
one of the higher modes (TE^, •) will 
also be above cutoff. 

Oimastioat vt AppllcaHoa 

The smaller of the inside dimen¬ 
sions of the guide should be kept be¬ 
low a half wavelength or another 
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mode of transmission {TE^, 0 will be 
above cutoff. There is no minimum 
limit on this dimension of the guide, 
for the cutoff wavelength of the TEx, • 
mode is independent of the smaller 
dimension of the guide. It is desir¬ 
able, however, to make this dimen¬ 
sion very nearly a half wavelength, 
as the attenuation will then be kepi 
at a minimum and the power-carry¬ 
ing capacity maximized. Attenuation 
will be an inverse function of the 
height of the guide, and power- 
carrying capacity a direct function. 

The wall thickness of the guide is 
determined solely by considerations 
of strength, weight, and ease of fab¬ 
rication. Wall thicknesses in common 
use vary from 0.040 in. for the 
smallest guides to 0.081 in. for the 
largest. 

Stoadard Sliet In Utn 

A number of sizes of wave guide 
have been picked as standard guides 
by the Army-Navy R-f Cable Coordi¬ 
nating Committee. The frequency 
ranges over which these guides can 
be used are shown in Fig. 2, along 
with the more recent allocations of 
the microwave spectrum by the Fed¬ 
eral Communications Commission. 
Although the standard guide sizes 


overlap and cover the spectrum con¬ 
tinuously, bands which have been 
allocated are not completely covered 
by any one size of guide. This is un¬ 
fortunate in that more sizes of wave 
guide will have to be brought into 
widespread use. 

Wove Guido Moforlolt 

The material most commonly used 
for wave guides is cold-drawn rec¬ 
tangular brass tubing. Different 
alloys have been used, but a red brass 
alloy of about 90 percent copper and 
10 percent zinc is usually preferred 
for reasons of strength and corrosion 
resistance. Brass has been found 
suitable, for its mechanical strength 
is combined with good machineabil- 
ity and ease of fabrication, and its 
electrical properties, though gener¬ 
ally satisfactory, can be readily im¬ 
proved by electroplating. The tubing 
is not free of stresses, and unless 
annealed may warp seriously when 
slotted. 

Rectangular brass tubing is avail¬ 
able in a wide variety of sizes and 
dimensions from a number of manu¬ 
facturers. But most of this tubing 
has heretofore been used primarily 
for decorative purposes, and is held 
to no tolerances. The dimensions are 


likely to vary widely from sample to 
sample, and the tubing will be unsat¬ 
isfactory for any applications that 
are at all critical. Most of the stand¬ 
ard wave guides listed in Fig. 2 are 
generally available at manufacturing 
tolerances that are sufficiently close 
for most microwave applications. 
These close-tolerance guides are gen¬ 
erally called radar tubing because 
they were first developed for radar 
applications. They are available for 
only slightly greater cost, and should 
be used for microwave work when¬ 
ever possible. The tolerances vary 
with the particular dimensions and 
with the guide sizes, but the dimen¬ 
sions are generally held to within 
0.005 in. or less. 

Aluminum tubing has been rather 
widely used because its weight is 
less than a third that of the corre¬ 
sponding brass tubing. But this 
lightness is gained at a sacrifice in 
ease of fabrication. Methods of as¬ 
sembly such as dip brazing which 
assure a strong mechanical bond are 
carried out at such high tempera¬ 
tures that the wave guides will usu¬ 
ally warp. Various methods of join¬ 
ing pieces at lower temperatures are 
also used. For example, an anodized 
aluminum guide may be copper 
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plated and soft soldered. But these 
low-temperature techniques are in 
general more difficult and less satis¬ 
factory than the corresponding tech¬ 
niques for brass guide. 

Solid silver guide has been used at 
very high frequencies for applica¬ 
tions where low attenuation is im¬ 
portant, but its cost is generally pro¬ 
hibitive. Other types of construction 
have been proposed, such as plated 
plastic tubing, but these have not 
been extensively used or tested. 

Metal Pinifhei 

The electrical properties of a brass 
or aluminum wave guide may be 
considerably improved by the type 
of finish applied which may also 
greatly improve the corrosion resist¬ 
ance of the guide. The skin depth in 
most metals is so small at microwave 
frequencies that if one metal is 
plated on another to a depth of less 
than a thousandth of an inch, essen¬ 
tially all of the conduction current in 
the metal will flow in the plated sur¬ 
face. The guide losses will then de¬ 
pend upon the plated surface metal 
rather than the base metal. For this 
reason a silver plate is often used, 
because silver’s exceptionally high 
conductivity is coupled with good 
resistance to corrosion. But both the 
electrical and mechanical properties 
depend to a considerable extent upon 
the type and quality of the silver 
plate, and the type of plate that 
gives the best electrical character¬ 
istics is not necessarily the most sat¬ 
isfactory from the standpoint of 
appearance and resistance to corro¬ 
sion. 

Plefiag Tecbslqees 

It has been found that the resist¬ 
ance to corrosion of a silver-plated 
surface is greatly impi^pved and the 
electrical properties essentially un¬ 
changed if the silver is in turn 
coated with a flash plate of palladium 
or rhodium. These rare metals have 
poorer conductivity than silver, but 
when they are applied in an exceed¬ 
ingly thin plate, much less than the 
skin depth, essentially all of the con¬ 
duction current flows in the silver 
underneath, and the losses are corre¬ 
spondingly low. The thin flash plate 
greatly improves the ability of the 



FIG. 3—WaT«l«ngth charocteristlcs of a 
roctangulor wave guido oporotiiig in tho 
dominant mod*. Tho ratio of worolongth 
Is tho guide to wovolongth In ipoco (ordl- 
Bate) U plottod against tho ratio of ware- 
length to the wider dimension (abscisso) 

wave guide to withstand salt spray 
without corroding. 

A gold plate has also been exten¬ 
sively used. Although gold has some¬ 
what poorer conductivity than silver, 
the losses in gold surfaces are very 
little different from the losses in 
silver-plated surfaces, and the corro¬ 
sion resistance of gold is very good, 
but its cost is relatively high. 

In general, the effective resistivity 
of a plated surface is somewhat 
higher than the low^-frequency resist¬ 
ivity of the metal, and the losses will 
therefore be somewhat greater than 
predicted by theory. This effective 
resistivity will vary greatly with the 
plating solution and rate of deposi¬ 
tion, as well as with the type of base 
metal and its surface finish. The 
losses are also affected by ageing, 
tarnishing, and corrosion, and for 
these reasons, exceptions may be 
drawn to almost any general state¬ 
ment about losses in plated surfaces. 
But the following remarks are usu¬ 
ally applicable. 

Losms Is Flafed Ssrfaess 

The difference between theoretical 
and measured losses will usually in¬ 
crease with increasing frequency. 
But at even the highest frequencies, 
the losses in a plated surface of high 
quality will usually be less than half 
again as great as predicted by the¬ 
ory, and will seldom exceed twice the 



FIG. 4—Theoretical ottenuatlon ol copper 
wore guide! over their operating fre¬ 
quency range for the dominant mode. 
Dimenelong are outeide meaeurements and 
wall thickneei. Curvei ihow the extreme 
range! po!!lble with each type of guide 

theoretical value. If the plating is of 
poor quality or has corroded, the 
losses may be much greater. To get 
minimum losses in a plated surface, 
the thickness of plating should be 
many times the skin depth. For ex¬ 
ample, at 9,000 me, 0.5 mils minimum 
thickness of silver plate is recom¬ 
mended—this is more than one hun¬ 
dred times the theoretical skin depth. 

If the surface of a wave guide is 
coated with a thin, protective layer 
of insulating material, the conduc¬ 
tion current in the surface will flow 
in the metal under this protective 
layer, and the attenuation will not be 
greatly affected. For example, if 
aluminum wave guide is anodized, 
the losses will not be greatly 
changed, and may even be less than 
in the unanodized guide which has a 
very thin layer of nonconducting 
aluminum oxide on the surface. And 
the inner surface of any wave guide, 
brass or aluminum, can be coated 
with a protecting lacquer which will 
not affect the attenuation but will 
greatly improve the corrosion re¬ 
sistance. 

The weights of the various stand¬ 
ard wave guides of Fig. 2 are listed 
in Table II. The weights given are 
for brass guide, aluminum will 
weigh about 31 percent as much as 
brass. 

Because a wave guide does not 
operate in the principal (TEM) 
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mode of transmission, the wave- 
lengrth in the guide will in general 
be greater than the wavelength in 
free space X. The wavelength for any 
mode in any air-dielectric wave guide 
is given by X, = X/Vl — (X/X^)*. For 
rectangular guide the cutoff wave¬ 
length of the dominant mode is 
Xe = 2a, when a is the larger inside 
dimension. For this mode, the ratio 
X,/X is plotted as a function of the 
ratio X/a in Fig. 3. 

The fact that the wavelength in 
the wave guide is greater than the 
wavelength in air may lead to the 
erroneous conclusion that the electro¬ 
magnetic energy travels through the 
wave guide at a rate exceeding the 
speed of light. Actually, the phase 
velocity v, is greater than the speed 
of light c by the factor X,A» but the 
energy travels through the guide 
at the group velocity, t;„ given by 
v, = c*/v,. 

The attenuation of the various 
standard wave guides of Fig. 2 is 
plotted as a function of frequency in 
Fig. 4. It is interesting to note that 
although the losses are greater in the 
higher frequency wave guides, the 
losses in any particular wave guide 
will actually decrease with increas¬ 
ing frequency over the normal fre¬ 
quency range. The values given in 
Fig. 4 are all theoretical values for 
copper wave guide, and represent 


TABLE n— Weights of Standard 
Brass Wavs Guides 


OulHide dimensions X 
wall thickness in inches 

Weight 
in pounds 
per foot 

3 X 1 1/2 X 0.081. 

2.63 

2 X 1 X 0.061. 

1.40 

1 1/2 X 3/1 X 0.061_ 

1 03 

1 1/1 X 5/8 X 0.061. . 

0.818 

1 X 1/2 X 0 050. 

0.531 

3/1 X 3/8 X 0 (161. 

0 16H 

1/2 X 1/1 X 0 010. 

0.198 

7 16 X 1/4 X 0.050_ 

0 217 


minimum limits that are approached 
to a greater or lesser extent by actual 
guides. If the wave guide is con¬ 
structed of, or plated with some 
metal other than copper, the losses 
in the guide will increase as the 
square root of the ratio of the resist¬ 
ivity of the metal to that of copper. 
The relative attenuation of the vari¬ 
ous metals compared to that of 
copper is given in Table III. 

Power UaiifofioBi 

The theoretical power-carrying 
capacity of a rectangular wave guide 
is P = 8.86 ah(X/X,)10* watts when 
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TABLE ni — Relattve Attenuation 
in Metab at High Frequencies 


Attenuation 


relative 

Metal to copper 


Aluminum. 1.28 

Brass. 2 

Cadmium. 2.09 

Chromium. 1.23 

Gold. 1.19 

licud .. 3.57 

Magnesium. 1.63 

Manganin. 5.05 

Palladium. 2.52 

Phosphor-bronze. 2.47 

Platinum. 2.41 

Khodium. 1.71 

Silver. 0.97 

Tin. 2.58 

Zinc. 1.89 


the dimensions of the guide, a and b, 
are in inches. This equation assumes 
a breakdown potential of 80,000 volti 
per cm for the air dielectric, a value 
that has been experimentally checked, 
and also assumes that there are no 
standing waves in the wave guide. 
If there are standing waves present, 
the power-carrying capacity of the 
guide will be reduced by a factor rep¬ 
resenting the voltage standing wave 
ratio in the wave guide. The recom¬ 
mended maximum power to be car¬ 
ried in a wave guide is about one- 
fourth the theoretical maximum. 


Sreskdows at High Altitada 

The breakdown potential in air 
will be lowered if the air pressure is 
decreased, and if a wave guide is 
operated at high altitude without 
pressurization, its power-carrying 
capacity will be greatly reduced. The 
reduction factor is given as a func¬ 
tion of altitude in Fig. 5. 
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Waveguide Data 

Dimensions of rectangular copper waveguides covering the entire microwave spectrum in 
accordance with FCG frequency allocations, with cntoff frequencies, curves of attenua¬ 
tion and power-handling capacity for each size, and performance equations 

By LEONARD E. SHERBIN 


T he microwave field has 
reached that stage of develop¬ 
ment where it is now desirable to 
standardize on various waveguide 
sizes. Since the physical dimen¬ 
sions of a waveguide determine the 
frequency range over which it can 
most satisfactorily operate, it is 
desirable that waveguide dimen¬ 
sions be standardized according to 
frequency allocations. This would 
avoid need for two waveguide sizes 
to cover a band of frequencies allo¬ 
cated to one service, as well as to 
obtain the maximum efficiency from 
a transmission line. 

A number of systems for de¬ 
termining standards for waveguide 
sizes have been put forth, all of 
which are based upon the following 
factors: (1) To use as few wave¬ 
guide sizes as possible; (2) To have 
the waveguides operate over as 
wide a band as is practical; (8) To 
choose the dimensions so that the 
inherent losses are as low as possi¬ 
ble; (4) To standardize on wave¬ 
guides having the highest possible 
power-carrying capacity; (6) To 
choose the waveguides with charac¬ 
teristics compatible with FCC fre¬ 


quency allocations; (6) To use 
waveguide sizes for which tubing 
is available; (7) To choose dimen¬ 
sions so that the waveguide has the 
necessary mechanical strength. 

Cutoff Proqooocy 

The cutoff frequency is that fre¬ 
quency below which a waveguide 
will not transmit any energy. That 
is to say, the wave will not propa¬ 
gate if it is below the cutoff 
frequency of the waveguide. This 
is borne out by the fact that the 
characteristic wave impedance is a 
pure imaginary quantity for fre¬ 
quencies below the cutoff frequency 
of a waveguide. 

The attenuation in a waveguide 
below cutoff is a reactive attenua¬ 
tion. The waveguide looks like a 
pure reactance to the source and 
therefore the energy is reflected 
back from the waveguide. The 
action of a waveguide below cutoff 
is analogous to that of a high-pass 
filter below the pass band of the 
filter. The characteristic wave im¬ 
pedance for a transverse electric 
wave is 


where Ztb = characteristic wave 
impedance for a transverse electric 
wave, ui = Vfh/t, = intrinsic im¬ 
pedance of the dielectric, ci = di¬ 
electric constant, /ua = permeability, 
/• =: cutoff frequency, and / = fre¬ 
quency. 

For values where /• > / the 
characteristic wave impedance is a 
pure imaginary and hence no 
energy can be propagated along the 
waveguide, \nien / = A the char¬ 
acteristic wave impedance is infi¬ 
nite and for an ideal waveguide 
would represent a sharp transition 
from an imaginary characteristic 
wave impedance to a real one. 
However, for practical waveguides 
with imperfect conductors there is 
a small amount of phase shift below 
cutoff and some attenuation above 
cutoff. Above cutoff, practical wave 
guides have a real attenuation fac¬ 
tor and a phase shift along the 
axis of the guide. 

The above discussion shows the 
impracticability of using wave¬ 
guides at frequencies below cutoff 
for the transmission of energy. At 
frequencies dose to and just above 
the cutoff frequency for a given 
waveguide the attenuation-vs-fre- 
quency curve has a steep slope 
with a relatively high attenuation 
factor. This makes it undesirable 
to use waveguides in this region. 
The expression for the cutoff fre¬ 
quency for a transverse electric 
TEm.m or transverse magnetic 
TMm,m wave is 

where X. = wavelength at eutoff, 
m and n are the aubseripta for a 
given mode, and a and b are the 
inaide dimenaiona for the wide and 


Zt, - »i/Vi - OwW (1) 
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narrow aides respectively as indi¬ 
cated in Fig. 1. 

For the wave, which is the 
one used in practically all cases, £q. 
2 reduces to 

K (3) 

This equation shows that for the 
mode the a dimension of a 
rectangular waveguide is the only 
physical factor determining the 
cutoff frequency. The cutoff fre¬ 
quencies of the waveguides included 
in the various recommendations for 
standardization are given in Fig. 2. 

Operation at Hlqlier Modes 

In order to operate a waveguide 
at its optimum efficiency the domi¬ 
nant mode is usually used. The 
dominant mode is the lowest-fre- 
quency mode that will propagate 
down the waveguide. The propaga¬ 
tion of more than one mode in a 
waveguide is undesirable as it re¬ 
sults in impedance mismatches for 
the various modes, along with re¬ 
flections and the generation of 
spurious frequencies other than 
the desired one at discontinuities. 
If these spurious frequencies can 
propagate down the waveguide they 
will have many detrimental effects. 
This results in the loss of energy 
propagated down the waveguide, 
high standing wave ratios in the 
waveguide, and very inefficient 
transmission of the microwave 
energy. 

Therefore, it is essential that the 
physical dimensions of a waveguide 
be so chosen that all modes, other 
than the desired one, cannot 
propagate. This places the limita¬ 
tion on the highest frequency at 
which a waveguide can be most 
efficiently used. 

The TEa.o mode is the next higher 
mode that could be propagated. By 
simplifying Eq. 2 the cutoff wave¬ 
length for the TEn .0 mode becomes 
equal to a. This places a limit on 
the highest frequency of the band 
for which a given waveguide is 
suitable. 

In practice, the upper frequency 
limit is usually lower than the 
theoretical limit, so that moding 
difficulties are avoided. The lowest 
transverse magnetic wave which 


can exist is the TM,,x mode and 
since it occurs at a higher fre¬ 
quency than the TE-o mode in the 
recommended waveguide sizes, 
there is no need to investigate fur¬ 
ther. 

The h dimension is subject to 
compromise on many points. The 
larger the h dimension the lower 
the attenuation and the greater the 
power-handling capacity of the 
waveguide. However, there is a 
limit as to how large b can be made 
before difficulties are Encountered 
with modes other than the domi¬ 
nant mode. The h dimension has 
to be such that it will not support 
any mode other than the TE^ o* In 
practice the ratio of the b dimen¬ 
sion to the a dimension is usually 
less than 0.5 to avoid any possi¬ 
bility of the waveguide supporting 
a mode other than the TiF,.®. 

Powar-Carryiaq Capacity 

The maximum power that a 
waveguide can carry for the TE ,,,.. 
mode is 

P « 6.63 X 10 ^ ah (4) 

where P = maximum power for the 
TE^ o mode in watts, Emmm — maxi¬ 
mum permissible voltage gradient, 
X® = guide wavelength, X = free 
space wavelength, and a and b are 
waveguide inside dimensions in cm. 
This gives the theoretical power 
that a waveguide can handle 
if the voltage standing wave ratio 
is 1, and is valid for given humidity 
and air pressure conditions only. 

The maximum field intensity oc¬ 
curs where the electric field is 
greatest. The greatest electric field 
is parallel to the narrow side (5 
dimension), in the center of the 
broad side (a dimension). There¬ 
fore, the b dimension limits 
since it determines the field inten¬ 
sity at which a voltage breakdown 
will occur. The maximum power 
is proportional to the cross-sec¬ 
tional area ab of the waveguide and 
the ratio X / X,. 

A value of 15,000 volts per cm 
will be used in the calculations for 
En^^,. This value has been arrived 
at empirically and is used by the 
Army and Navy in applying power 


ratings to waveguides. Any in¬ 
crease in voltage standing wave 
ratio will decrease the power¬ 
handling capacity of waveguides 
since the field intensity will then 
have varying values along the 
waveguide axis, with the maximum 
value of field intensity being 
greater than if the voltage standing 
wave ratio were unity. Any sharp 
corners, bends, twists, etc, would 
tend to lower the maximum power 
rating. Figure 1 shows (at upper 
left) the electric field distribution 
across a waveguide for the TEi.® 
mode, along with curves portraying 
the increase in peak voltage due to 
increasing standing wave ratios. 

The graphs in Fig. 2 give the 
maximum power-carrying capaci¬ 
ties under ideal conditions and as¬ 
suming an of 15,000 volts per 
cm for the ® mode. 

In a rectangular copper wave¬ 
guide with air dielectric and for the 
TEi.o mode the attenuation is 




0.01107 


L^0’- 1 


(5) 


where = attenuation in db 

per ft for a copper waveguide for 
the TEx,o mode. 

For metals other than copper, 
Eq. 5 must be multiplied by K, 
where K is equal to the square root 
of the ratio of the resistivity of the 
metal used to the resistivity of 
copper. 

The values for attenuation in 
waveguides as obtained by meas¬ 
urements run somewhat higher 
than the values obtained by solving 
Eq. 5. This is caused by such con¬ 
ditions as variations in plating, 
impurities in the metal, dust, vary¬ 
ing atmospheric conditions, and 
corrosion. 

Curves of attenuation vs fre¬ 
quency are also given in Fig. 2 for 
various waveguide sizes, based on 
Eq. 5. These curves indicate that 
it is not desirable to operate a 
waveguide at frequencies close to 
cutoff. The attenuation is high in 
this region and decreases rapidly 
to the point where it is fairly con¬ 
stant. Also, wide-band operation 
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in this region is undesirable as it 
would cause considerable distortion. 

For narrow-band operation near 
cutoff the attenuation is so 
much greater that considerably 


larger transmitters would have to 
be used to obtain a comparable in¬ 
put to the antenna for most prac¬ 
tical waveguide installations. In 
receiving applications the increased 


attenuation results in lower effec¬ 
tive signal input to the receiver, 
thereby decreasing the signal-to- 
noise ratio and sensitivity of the 
installation. 


Minimum Attenuation in Waveguides 

Tabulation of design equations covering attenuation, development of simplified versions 
applying to 8pe<;ifio practical air-core guides most often encountered, and graphical con¬ 
struction for determining conditions for minimum attenuation at exciting frequency 


I N recent literature dealing with 
the phenomena of signal trans¬ 
mission through air-cored wave¬ 
guides. the conditions for propa¬ 
gation have been adequately dealt 
with, but the conditioning of the 
cross-sectional dimensions to obtain 
minimum attenuation at the excit¬ 
ing frequency has generally been 
dismissed with but a brief treat¬ 
ment. Since this aspect is of direct 


By EDWIN N. PHILLIPS 


concern to the designer using wave¬ 
guides, this paper presents the 
necessary formulas for predicting 
cross-sections giving minimum at¬ 
tenuation. 

Practical formulas concerning at¬ 
tenuation in air-cored guides are 
listed by Sarbacher and Edson in 
their book, ‘'Hyper- and Ultra-High- 
Frequency Engineering.'' These 
formulas, as converted into English 


units, appear in Table I. For mate¬ 
rial other than copper, multip ly the 
value of attenuation by Vp/pc/i.» 
where p is the specific resistivity of 
the guide material, p,. is the specific 
resistivity of copper, and fi is the 
permeability of the guide material. 
It will be noted that the formulas 
for the //o.«, and the Hn »« excita¬ 
tion modes in rectangular cross- 
section guides and the Hi mode in 


TABLE I. DESIGN FACTORS FOR COPPER-WALLED AIR-CORED WAVEGUIDES 











































4M 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 


circular cross-section sruides can be 
expressed in the form 



where a is in db per foot and ki and 
ki are constants dependent on the 
material and the dimensions of the 
guide. 

For copper guides, the ratio k./k, 
for various excitation modes is 

Ho.m- rectangular crotw-section 2 a, h 

Hi., circular cross-section. 2.38 

Hn»m- ■ rectangular cross-section 



where a is the thickness of the 
rectangular cross-sectioned guide 
in inches or the radius of the cir¬ 
cular guide, b is the width of the 
rectangular cross-sectioned guide, 
and n and m are subscripts defining 
the order of the wave propagated 
within the guide. 

By differentiating Eq. 1 with 
respect to the frequency ratio ///*, 
where / represents the exciting 
frequency and the cutoff fre¬ 
quency below which the guide will 
not transmit electromagnetic waves, 
and setting the resulting expression 
equal to zero, the following expres¬ 
sion for the frequency of mini¬ 
mum attenuation, is obtained 


fwnin 

St 






Because an approximate solution to 
this equation may be sufficiently ac¬ 
curate in certain cases, and to pro¬ 
vide a rough check on computations, 
the equation has been plotted as 
Fig. 1. 

Because of the relative ease of ex¬ 
citation and the low overall attenua¬ 
tion, the excitation mode is 



FIG. 1—ottMttotioii In cdr-cornd womguldn In tnnnt of dtanonilonol poramotoni 


often used. For this case, Eq. 2 
simplifies to 

^ + 2--+ i3) 

While Eq. 2 and 3 are useful for 
fixed guide dimensions and variable 
input frequency, often the input 
frequency is fixed and the guide 
dimensions must be varied to secure 
minimum attenuation. Manipula¬ 
tion of Eq. 2 and 3 to isolate the di¬ 
mensional factor gives for the gen¬ 
eral case 



and for the mode 



In all these formulas, the condi¬ 
tion for minimum attenuation is in¬ 
dependent of the guide materia], 
and dependent only on the cross- 
sectional dimensions of the guide 
and the order of the transmitted 
wave. 

Farmalas far i Modes 

Treating the formulas for the 
» excitation mode in rectangular 
cross-sectioned guides and E excita¬ 
tion modes in circular cross-sec¬ 
tioned guides in a similar manner, 
the genera] formula is 


\ ai. p..T ft (6) 

((D -■) 

Setting the first derivative equal 
to zero gives 

V 3 (7) 

Note that here the condition for 
minimum attenuation is indepen¬ 
dent of both the guide material and 
the guide dimensions. It will fur¬ 
ther be noted that Eq. 7 is the limit 
of Eq. 2 obtained when kt/kx equals 
zero, indicating in the //«.;„ mode a 
zero guide thickness. 

Thus, when the thickness a equals 
the width b of the guide and it is 
excited in the Ho.m mode, Eq. 8 
gives ///« equal to 2.96; for a cut¬ 
off frequency of 1.6 x 10* cps, the 
frequency of minimum attenuation 
is 4.44 X 10* cps. For a guide of 
the same cross-section excited in 
the Hi.i mode, ka/K will be unity, 
and Eq. 2 gives 2.416 for ///•; for 
a cutoff frequency of 2.12 x 10* cps, 
the frequency of minimum attenua¬ 
tion will be 6.12 x 10* cps. For the 
same cutoff frequency, Eq. 7 gives 
3.67 X 10* cps as the frequency of 
minimum attenuation in a rectang¬ 
ular guide which is excited in trans¬ 
verse magnetic mode. 

Appreskaafe Pleft 

By means of Eq. 2, 8, and 7, ap¬ 
proximate plots of the attenuation- 
vs-frequency relationship for air- 
cored waveguides can easily be 
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made. The cutoff frequency /* 
forms a vertical asymptote on a log- 
loR grid, the point of minimum 
attenuation forms a horizontal 
asymptote, and since at a frequency 
much higher than that giving mini¬ 
mum attenuation the guide behaves 
as any metallic conductor whose at¬ 
tenuation varies as the square root 
of the frequency, a third boundary 

to the curve is formed. To illustrate 3— TranimUsion- 

this. Fig. 2 gives the attenuation eiiiciency in termi 

curve of a brass guide (square root i,„„ation p« unit 
of the resistivity-ratio of brass to length 

copper is 2.015) with inside dimen¬ 
sions of 1.34 X 2.84 inches. This 
data combines with the formulas in 
Table I to give, for Ho. t excitation, 
fe = 2,084 me, /„,n = 4,960 me, 
a = 9.42 db per thousand feet, 
and a = 110 db per thousand feet at 
/ = lO'* cps. The resultant curve 
closely approximates a point-by¬ 
point plot, and saves much time. 

Once the attenuation per unit 
length and the guide length are 
known, the transmission-line effici- where I is line length in feet. A nation curves of a zero-conductance 
ency in percent is obtained from shovm in Fig. 3. brass concentric line for which 

/ \ Also plotted in Fig. 2, as a matter D/d = 3.69, with the same inner 

» lOO/^log-'^j (S) of pertinent interest, are the atten- periphery as the guide (a = 200 



FIG. 2—Orophleal construction of attsnuotlon curro for 1.34 by 2.84-Inch rocton- 
gulor wovoguldo. and corrospondiag curvos lor two typos of concoactrlc linos 
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db per thousand feet at 10“ cps), 
and a zero-conductance brass con¬ 
centric line for which D/d = 8.59, 
with the same dielectric area as the 
guide cross-section (a = 228 db per 
thousand feet at 10“ cps). 

Pertinent points to be mentioned 
as general guides in the use of 
waveguides of this type are (1) an 
infinite number of cross-sections 
will give minimum attenuation at 


any prescribed frequency, but the 
cross-sectional dimensions are not 
independent of each other and both 
depend on the cutoff frequency 
chosen; (2) the lower the cutoff 
frequency chosen, the lower will be 
the attenuation, the larger the 
guide dimensions will be, and the 
broader will be the bell of the curve 
at the minimum point in the H 
propagational modes, giving less 


distortion in the output of a com¬ 
plex wave or a modulated carrier. 

Concerning this last point, most 
of the present-day applications use 
pulsed modulation, and it can be 
shown that when the ratio of the 
carrier (or pulsed) frequency to 
the pulsing frequency is great, the 
sidebands are negligible, and atten¬ 
uation can be computed for the 
carrier alone. 


Circular Waveguide Fields 

To facilitate the design of exciting elements and grids for filtering particular modes, field 
patterns for five modes having the lowest cut-off frequencies are plotted. Diagrams show 
direction and relative magnitude of fields in the transverse plane 


T he diagrams presented in this 
paper describe the electric and 
magnetic fields inside circular wave 
guides for certain modes of trans¬ 
mission. 

For each mode considered there 
are curves showing the direction 
and relative intensity of the trans¬ 
verse fields and the relative in- 


By fiEORSE R. COOPER 

tensity of the longitudinal field. The 
direction of the longitudinal field 
is, of course, always along the axis 
of the guide. 

The five modes of transmission 
presented here are those which 
have the lowest cut-off frequencies. 

These curves find practical ap¬ 
plication in designing many types 


of wave guide equipment. For ex¬ 
ample, the design of devices for 
initiating and receiving the various 
modes, either independently or sim¬ 
ultaneously in a single guide, is 
aided by a knowledge of the loca¬ 
tions of regions of maximum field 
strengths and their associated di¬ 
rections. 



1 Direction of fronsv^rfr elec+ric field, 

Relo+jve intensify of longitudinal mognetic field 
-.— - Direction of transverse mognetic field 

(a) 



Relotive intensity of transverse electric and 
mognetic fields 


(b) 
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Direction of transverse electric field, 

Relative intensity of longitudinol magnetic field 
Direction of transverse magnetic field 

(a) 


Relative intensity of transverse electric and 
magnetic fields 


(b) 


FIQ. 2—^For a giT«ii wot* quid* radiuSi this mod* will tranimil tho lowost froquoncy 



FIG. 3—Ai on aid to plotting rolotlTO transTorto Hold Intonilty. 
this intormodloto graph is usod 


Likewise, the design of filters for 
passing a desired mode or modes 
and attenuating undesired modes is 
materially aided by this informa¬ 
tion. A further use might be the 
design of coupling units of all sorts. 
One application in which these 
curves have been of considerable 
benefit is the design of a transducer 
for changing from one mode of 
transmission to another. 

The curves are of considerable 
theoretical interest and it is hoped 
that they will add to the existing 
knowledge of wave guide transmis¬ 
sion. 

In a circular, air-filled guide of 
perfect wall-conductivity at a fre¬ 
quency well above the cut-off fre¬ 
quency, the transverse electric 
waves {TEn.m) are defined by the 
following equations: 

- 0 ( 1 ) 

B, - AJn (KJ r/a) cob (n^) cos 

~ fix) (2) 

Ei - (Z77A) (///«) 

[J,' r/a) COB (n^) sin 

(«(- fix)] _ (3) 

ffr - - AVM?- 1 , 

\J,' {Km' r/a) oo« (n«) tin 

- (J*)l (4) 

B , - (377A) ( n / KJ ) (o/r) (///.) 

(«< — 0t) 1 (6) 

H,-A (n/ Km') (a/r) V (///.)• - 1 
lA (JC«'r/o) •!» (n*) rin 
{ i 4 - ^*)1 (6) 

iriMN 


E ~ the elect lie field intensity in 
volts per meter along the axis 
indicated by the subscript 
// » the magnetic field intensity in 
ampere-turns per meter along 
the axis indicated by the sub¬ 
script 

A ^ A constant determining the 
maximum amplitude of the 
field 

a « the diameter of the gtdde 
r/a « the relative radial distance 
from the center of the guide 
X ■> the distance along the axis of 
the guide 

^ «8 the angle in the tranfiverse 
plane 

/„ ( ) « the Bessel function of the first 
kind of order n 

Jn ( ) • the first derivative of /„ ( ) 
with respect to its argument 
Km' *■ the mth root (A JJ (K) ■■ 0 
/• the cut-off frequency 
/ » the frequency of transmiaaion 
« » 2 v/ 


fi the phase shift in the guide in 
radians per meter 

In these equations the factors 
which determine the phase of the 
components are of no importance in 
calculating the field direction and 
relative intensity beyond indicating 
that all transverse components are 
in phase. For that reason these fac¬ 
tors are omitted throughout the fol¬ 
lowing discussion. 

The direction of the transverse 
electric field is given at every point 
inside the guide by the differential 
equation 

r de/dr » Ee/Er (7) 

If the expressions for E. and Et 
from Eq. (3) and (5) are substi¬ 
tuted in Eq. (7) and the Integra- 
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f DirjJchon o-f + lotisverst* electric field. Relofive inlensiiy o+ Ircinsverse elecfric 

Relative in+eniji+y of longitudinal mov^nelic field and magnetic fields 

Direction of transverse magnetic field 

(a) (b) 


FIG. 4—^To •xdt# guidot, probM* con b« aliqnod with th« nloctric Hold at pointi of maximum intoniity 


tion carried out the resulting equa¬ 
tion is 

Jn(KJr/a)cofi(n0) - C (8) 

where C is an arbitrary constant. 
Except for a constant multiplier, 
the left side of this equation is also 
the expression for Therefore, 
Eq. (8) defines a family of curves 
which at every point determines the 
direction of the transverse electric 
held and also, with appropriate 
choices of C, give the contours of 
relative intensity for the longitud¬ 
inal magnetic held, Hr. 

The results of evaluating Eq. (8) 
for the TEu i, TE^ „ and rE*,. a modes 


are shown by the solid lines in Pig, 
1(a), Fig. 2 (a), and Pig. 4(a) 
respectively. The number near each 
line is the relative intensity of H, 
for that particular contour. The 
tangent to the line at any point is 
the direction of the transverse elec¬ 
tric held at that point. 

The same hgures also show with 
dotted lines the direction of the 
transverse magnetic held. These 
curves are not calculated but are 
simply sketched in as the orthog* 
onal trajectories of the hrst set. In 
fact, calculated curves for the 
TEi ^ and TE^ i modes would be dif¬ 


ficult to obtain as the family is rep¬ 
resented mathematically by a 
slowly convergent inhnite series. 

The next items of interest are the 
contours of relative intensity for 
the transverse electric and mag¬ 
netic helds. In the case of the TEo,t 
mode where Er is zero, these curves 
are easily obtained by setting the 
expression for equal to an ap¬ 
propriate set of constants. The re¬ 
sults are shown in Fig. 1(b). 

For the TEx., and TE,. i modes the 
problem is more difficult as there 
are two components to consider and 
the total transverse field is the re- 




FIG. This latermsdkrts grcqph gtvss fslativs Intsiisltr* Inil 
BOl dirsetloa. of the troasTOfso hold 


no. i-*Boplotltai« those ovfTSs oa polar eoofdtaialos os la 
fig. Kb) gives teteasllf csoateuit 
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sultant of these two. The first step find the resultant field by taking the The resultant values, expressed as 

is to evaluate and for a num* square root of the sums of the relative intensity, are then plotted 

ber of values of r/a and 9 and to squares of these two components, as a function of r/a with 0 as a 
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parameter. These intermediate 
curves are sho^vn in Fig. 3 and Fig. 
5. From these curves it is possible 
to read the values of r/a and 6 
needed to plot the contours of rela¬ 
tive intensity. These contours are 
shown in Fig. 2(b) and Fig. 4(b). 

Although the contour intensity 
curves were calculated from the 
electric field equations, they apply 
equally well to the transverse mag¬ 
netic field because of the constant 
ratio between orthogonal field com¬ 
ponents. It is obviously impossible 
to represent the intensity or direc¬ 
tion of the total magnetic field with 
a single set of curves as the longi¬ 
tudinal and transverse components 
are ninety degrees out of time 
phase. 

The transverse magnetic waves 
(TMn.m) may be represented by 
the following equations: 

i7. - 0 (9) 


a. • A tfs ^ Am r/a; cos co. 

(.)< - fix) ( 10 ) 

ff, - - (/1/377) (///.) 

Un' (Km r/a) COB (n*) rin 

(a*-fix)] (11) 


E,-- A (///,)« - 1 

(/.' (Km r/a) eoB (n0) Bin 
(<^t-fix)] (12) 

Hr~- (A/Z77) (n/Km) (a/r) (///,) 

(</. ( Km r/a) sin (nS) sin 

(<->t-fix)\ (13) 

B 0 ~ A (n/Km) (a/r) V (///.)* - 1 
(y« ( Km ria) iin (n 0) ain 
(«< - ^x)\ ( 14 ) 


where 

is the mth root of {K) = 0 
By a method similar to that used 
previously it is possible to show that 
the equation 

Jn(Km r/a) CQ9 (nS) « C (15) 

defines a family of curves which 
gives the direction of the trans¬ 
verse magnetic field and, also, con¬ 
tours of relative intensity for the 
longitudinal electric field. These 
curves for the TMo ,, and TMi, i 


modes are shown by the dotted lines 
in Fig. 7(a) and Fig. 8<a) respec¬ 
tively. The directions of the trans¬ 
verse electric field are shown by the 
solid lines drawn in the same figures. 

The contours of relative intensity 
for the transverse electric field are 
determined by the same general 
method as was used for the TE 
waves. Since no intermediate curves 
are needed for the TJI/o., mode, the 
final result is plotted immediately 
in Fig. 7(b). For the TMi,i mode in¬ 
termediate curves are necessary and 
these are shown in Fig. 6. The con¬ 
tours of relative intensity for this 
mode are then plotted in Fig. 8 (b). 
As in the case of the TE waves, 
these curves apply equally well to 
the magnetic field. 

The author gratefully acknowl¬ 
edges the encouragement and assist¬ 
ance given by Professor R. P, Sis¬ 
kind of the School of Electrics^ 
Engineering, Purdue University, 


Apertures in Cavities 

Size and placement of apertures and slots in walls of resona¬ 
tors affect loading, internal field distortion, and efficiency 
of energy transfer from cavity to load. Experimental 
results indicate effects of opening size for wanted and 


E lectromagnetic energy, when 
generated in a cavity by a beam 
of electrons, has to be guided out of 
the cavity and into a load. To extract 
energy a loop can be coupled to the 
internal magnetic ^eld. Another 
method is to project the end of either 
a tuned or terminated transmission 
line into the internal electric field. 
But probably the neatest way, and 
the one which is perhaps the most 
likely to be used for most engineering 
purposes, is that of cutting an aper¬ 
ture in the wall of the resonant 
cavity at an appropriate place. En¬ 
ergy will travel out through such an 
aperture to a greater or lesser degree, 
and with differing radiation patterns 


unwanted radiation 

By J. H. OWEN HARRIES 

according to position, size, and shape 
of the aperture in relation to the 
mode of oscillation within the cavity. 

Slots fluid AportHros 

Typical experimental results indi¬ 
cate the operation of this latter 
method. A rectangular resonator 
shown in Fig. lA and having the 
dimensions a; = z = 69.8 cm, and y = 
15.0 cm was set into oscillation at its 
lowest frequency (Ho« mode; sub¬ 
scripts here indicate the number of 
standing waves in each of the three 
cavity dimensions). Under this con¬ 
dition the electric field was wholly in 
the y direction. The current antinode 
was around the vertical sides of the 


box; the voltage antinode was in the 
center of the x-z sides. The meas¬ 
ured resonant wavelength was 81.8 
cm. 

A slot a-b was cut as shown so that 
dimension h was normal to the lines 
of current flow. Dimension a was 
1.5 cm. The slot dimension b was 
varied from zero (no slot) to 20 cm. 
The Q of the cavity varied with 6 in 
the manner shown in Fig. 2A. Wave¬ 
length remained almost constant, in¬ 
creasing only to 82.3 cm as b was 
increased to 20 cm. The electric field 
shape within the resonator is very 
little affected over this range of 
dimension b. 

A slot at the current antinode 
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FIG. 1—OpMingt In cavity Mrva to ex¬ 
tract electromagnetic energy 


operates by virtue of disturbing the 
magnetic field at the wall of the reso¬ 
nator, and is therefore referred to 
an H slot. 

Instead of using an H slot at the 
current antinode, electromagnetic 
energy can be withdrawn through an 
aperture positioned at the electric 
antinode. This hole in the cavity wall 
is called an E aperture. Such an ar¬ 
rangement is illustrated in Fig. IB. 

An experimental curve of the Q 
of the same resonator as used with 
the H slot, but with an E aperture 
used instead, is also plotted in Fig. 
2A. It was found that if the diam¬ 
eter of this aperture was increased 
much beyond three or four centi¬ 


meters the electric field was severely 
distorted. 

In most resonators used in con¬ 
junction with electron beams, the 
electrons are injected at the electric 
antinode and it is necessary, as far 
as possible, to preserve a fairly even 
distribution of electric field in that 
neighborhood. Moreover, it is gen¬ 
erally convenient to separate the 
point at which the electron beam 
enters the resonator and the place 
where the electromagnetic energy is 
withdrawn. Therefore the 11 slot is 
generally the more useful of the two 
methods of loading the cavity. For 
this reason the plot of E aperture in 
Fig. 2A has not been carried to larger 
diameters. 

Loading Focfert 

In any resonator the maximum 
instantaneous value of the energy 
stored in the field is given in mks 
units by 

IV. - — J (1) 

where co is the specific inductance- 
capacitance of free space, E is the 
maximum instantaneous value of 
electric field in the cavity, and v is 
the volume of the resonator. The 
selectivity factor of the resonator is: 



where (*> = 2wC/X, C being the veloc¬ 
ity of the electromagnetic wave and 


X the electromagnetic wavelength, 
and Pm is the power lost in the in¬ 
ternal surface of the resonator. 

If a load is added in which power 
Pj. is dissipated, the selectivity factor 
becomes 


Ql 


o>Wr 

Pb + Pl 


(3) 


which can be rewritten as 
1 Pm Pl 

Ql "" wWp wW,. 

or 


1 

C/i. 



W 

(5) 


where Ki may be referred to as the 
aperture loading factor. 

From the measurements presented 
in Fig. 2A we see that the Q of the 
unloaded cavity is 13,700. The load Q 
when loaded can be obtained from 
these curves. Using Eq. 5 the re¬ 
spective loading factors can be plot¬ 
ted for the H slot or the E aperture 
used in this resonator at the Hou 
mode. Aperture loading is plotted in 
Fig. 2B for both cases. Further stud¬ 
ies show that dimension a of the 
slot has comparatively little effect 
upon the loading. 

Covpliag to o Rotonoat Leod 

The loading factor Kx applies only 
when the aperture is radiating into 
free space. If instead the slot is ar¬ 
ranged to couple the resonator to 
another tuned element, the phenom- 
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FIG. 3—SbM «i opMlag aiiaeto imwaat«d 
I«afca«» lost Ihroogh U 


enon will be modified in a more or less 
complicated way depending upon the 
relative damping of the two reso¬ 
nators and the coefficient of coupling. 
If, as will be described later, a dipole 
aerial, which is tuned to the resonant 
wavelength, is arranged with its cur¬ 
rent point near the H slot or one of 
its voltage points in the E aperture, 
the loading factor will increase very 
mush more rapidly with either 6 or r 
than is indicated in Fig. 2B. This 
phenomenon enables much smaller 
values of b or r to be used for a given 
loading, and correspondingly less 
disturbance of the internal field 
within the resonator is produced. 


It can be shown that the efficiency 
of a resonator and load in combina¬ 
tion is given by 


n 


Pl^Pm ^ Q 


( 6 ) 


from which it follows that Ql/Q 
should be roughly not more than one- 
tenth. 

Unintentional energy leakage 
through apertures must also .be con¬ 
sidered. It is often necessary not only 
so to arrange an aperture that con¬ 
siderable energy is guided from the 
cavity, but in addition to arrange 
other apertures through which elec¬ 
trons may be injected into or re¬ 
moved from the cavity, so that they 
do not allow appreciable energy to 
leak out. 

If we indicate by Kn the loading 
factor of a slot through which energy 
must not be appreciably radiated 
from the cavity, we can write for the 
reciprocal of the selectivity factor 


1 

Qx 


1 

Ql 


+ Kt 


(7) 


where, as before, Ql is the selectivity 
factor of the loaded cavity, and Qx 


is the selectivity factor of the cavity 
losing energy both to a load and by 
leakage. 

To avoid leakage of energy, the 
value of either b or r must be such 
that Qx tends to equal Ql, so that Ku 
is small compared to l/Q^. It will be 
observed in Fig. 2B that this condi¬ 
tion can be met quite readily in 
practice. However the accidental 
presence of an external resonant 
structure might easily upset these 
conditions. 

Figure 3 shows the variation of 
Qx with the slot dimension b in the 
resonator of Fig. lA. Two cases are 
shown, one when the resonator is so 
loaded that n = 64%, the other when 
1 ) r= 80%. In the latter case an H 
slot length of 10 cm can be used, for 
example, to inject electrons without 
permitting appreciable radiation loss. 

Tesed Laodi 

Consider again the design of an 
aperture for withdrawing wave en¬ 
ergy from a resonator. One of the 
factors that has to be taken into 
account is whether the distortion of 
the internal electric field caused by 
the aperture in the cavity wall is 



no* 4 iMrgy troaafef to 























MICROWAVES 


46S 


sufficiently small to be tolerable. The 
following experimental results illus¬ 
trate this point. 

A roughly cylindrical resonator 
was arranged to operate in the 
mode on about a 78 cm wavelength. 
An H slot was cut in one of the flat 
ends, and Q and Qi as functions of b 
were measured. The ratio between 
electric field magnitudes at two 
points, each near one of the two flat 
ends of the resonator, was also meas¬ 
ured as a function of b as an indica¬ 
tion of the disturbance of the field 
by the slot. 

Utilizing Eq. 5, the resonator load 
efficiency was plotted together with a 
curve of the internal field ratio as 
shown in Fig. 4A. It will be observed 
that the field became severely dis¬ 
torted when the slot was made suf¬ 
ficiently large to give reasonable 
efficiency. This trend is largely be¬ 
cause the unloaded Q was only 2,000. 
Had it been higher, a lesser value of 
h would have sufficed to give a good 
efficiency. 

In this experiment the walls of the 
resonator consisted of copper foil 
about 0.01 inch thick. The wall near 
the slot was next thickened to about 
six inches, whereupon no appreciable 
radiation from the resonator to free 
space was observed even with b at its 
maximum of ten inches. 

The current antinode of a dipole 
that was tuned to the operating wave¬ 
length was next placed near the slot. 
Adequate energy could then be 
withdrawn to give good values of 
resonator-load efficiency, and negli¬ 
gible distortion of the internal held 
of the resonator was observed. The 
graph of resonator-load efficiency 
against b under these circumstances 
is given in Pig. 4B. 

The tip of a tuned dipole was ex¬ 
posed to the held immediately outside 
an E aperture of such a resonator as 
that illustrated in Fig. IB operating 
in the mode. Very small loading 
was produced unless the aperture was 
made so large as to distort the held 
of the cavity. It is in general neces¬ 
sary to insert the dipole or tuned rod 
a considerable distance into the reso- 
natori or even to connect it to the 
internal wall opposite the aperture to 
obtain reasonable resonator-load 
efficiency. 


Hybrid Sletf 

Some slots are intermediate be¬ 
tween the E aperture and the H slot. 
An example of the use of such a 
hybrid slot is of interest. It is placed 
between points of magnetic and elec¬ 
tric antinodes of the resonator. 

A cylindrical resonator that is 
depicted elsewhere in this article and 
whose dimensions are given in Fig. 5 
was operated in the Em mode—that 
is, with the electric held in the axial 
direction. A circumferential slot was 
arranged as shown, and bridges were 
provided to join the center of the hat 
upper side to the vertical sides of the 
cylinder. 

With 20 bridges, Ql closely ap¬ 
proached Q, the unloaded Q value, 
which equaled 1,000. With only ten 
bridges, as illustrated, Ql dropped to 
630. With only two bridges, which 
were positioned at opposite ends of a 
diameter, Ql was reduced to 200. 
With ten bridges, the thickness of 
the top was increased from 2.5 to 6.0 
cm, and the height of the sides and 
the thickness of the bridges increased 
the same amount. However Ql was 
unchanged, within the accuracy of 
measurement, from the previous 630. 
These results are applicable to the 
problem of coupling a circular wave 
guide to a cylindrical resonator. 

Because a resonator designed for 
practical engineering applications 
seldom leads to analytically tractable 
shapes, the design of apertures seems 
to be performed best by experiment, 
and usually on model resonators the 
results of which can be scaled down to 
apply to the operative wavelength. 
Once the general phenomenon is un¬ 
derstood, it is easy to produce desired 
degrees of loading by trial, with little 
error. 

There does not seem to be an ade¬ 
quate published mathematical analy¬ 
sis of the properties of apertures, 
although an interesting paper by 
Neyman has been published in Bus* 
sian (Jzvestiya Elektroprom, Slab, 
Toka, 1940, No. 6, pp 1-16) which 
provides an admittedly approximate 
theory and quotes some experimental 
results. 

It is not within the scope of this 
paper to deal with mathematical 
theory of apertures, but the following 



FIG. 5—Cavity used to study coupling to 
cylindrical rosonotors 



FIG. 6—^Noymon compared the poftoms of 
on oporturs cmd a thoorotical dlpolo 


comments on Neyman*s paper may be 
of interest. 

Neyman points out that a rigorous 
solution of the problem presents 
mathematical difficulties. He there¬ 
fore presents an approximate solu¬ 
tion for the E aperture, for which he 
gives experimental confirmation. 

He concludes that the radiation re¬ 
sistance into free space of an E 
aperture situated at the electric anti¬ 
node and having a radius r, small 
compared to the wavelength, is ap¬ 
proximately 10*(r/X)*. This radiation 
resistance is referred to the maxi¬ 
mum current in a cylindrical reso¬ 
nator operating in the E«io mode. 

He also states that performance of 
an H aperture can be represented by 
a system of equivalent dipoles for 
which he derives formulas, but there 
does not seem to be experimental 
confirmation of these results nor of 
the statement that, for b equal r, the 
radiation from an E aperture is 
thousands of times greater than that 
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from an H slot He also presents an 
expression for power radiated by an 
H slot which varies as b* and a*. This 
result does not seem to be confirmed 
by this reviewer’s experiments. 

Neyman points out that loading 
can be increased by external tuned 
elements such as the dipole, or by 


resonance of the external surround* 
ings of the resonator or of its own 
external contours. He also points out 
that radiation patterns can be pro¬ 
duced that are the resultant of the 
fields from several slots. 

The radiation pattern from an E 
aperture at the electric antinode is 


similar to that of a dipole. Neyman 
has shown this to be the case experi¬ 
mentally by the plot shown in Fig. 6. 

The present author expresses his 
thanks to Rediifusion Ltd., at whose 
Electronics Department the experi¬ 
ments were performed, for permis¬ 
sion to publish this paper. 


Cavity Oscillator Circuits 

Design of re-entrant type cavity oscillators using disk-seal 
tubes for uhf c-w or pulse operation takes into consideration 
methods of tuning and of extracting power. Dimensions 
and tuning characteristics of 10-cm oscillators are given 

BY A. M. aUREWITSCH 


D isk-seal tubes are particularly 
adapted to the trrid-aeparatioi) 
circuit (also designated in the liter¬ 
ature as grounded-grid or grid-re¬ 
turn circuit), as contrasted to the 
conventional circuit usually used at 
lower frequencies. The differences 
between the two circuits are illus¬ 
trated in Fig. lA and IB. The circuit 
usually used at lower frequencies is 
shown in Fig. lA. Here the signal 
is introduced between the cathode 
and grid and the load is placed be¬ 
tween the plate and the cathode. At 
frequencies where lumped circuit ele¬ 
ments are generally used, this circuit 
performs satisfactorily. However, at 
higher frequencies where one is 
forced to use cavity resonators, the 
conventional circuit becomes imprac¬ 
tical. The problems of shielding be¬ 
tween input and output and of con¬ 
trolling exchange of energy between 
input and output become of prime 
importance. 

9rid Sep«r«tloa Circelf 

The grid-separation circuit shown 
in Figure IB represents a practical 
solution. This circuit can also be 
used at lower frequencies; that is, its 
usefulness is not limited to cases 
where cavity resonators must be 
used. It is readily seen that, if the 
resonant elements are formed by re¬ 
sonant cavities as in Fig. 2, the grid 


plane forms a separation between the 
two resonant spaces; namely, the 
cathode-grid space and the grid-plate 
space. The only means by which 
energy can be exchanged between the 
two resonators is through the elec¬ 
tron stream and by means of the 
coupling through the grid. 

Computations on a circuit like this 
are similar to those on conventional 
circuits. For example, the power gain 
G is given by the expression 


snd for Rp » iZi, #1 » 1 
G ^ Om R\ 

where G^ and /x are the transconduct¬ 
ance and amplification factor respec¬ 
tively, is the plate impedance of 
the tube at the frequency used, and 
R^ is the impedance of the load. 

In oscillators an external coupling 
(feedback) of some kind between the 
two resonators is usually necessary, 
as indicated in Fig. 2. For amplifiers 
a regenerative control must be used 
in some cases. This coupling, called 
the feedback or regeneration circuit, 
has the job of taking a definite 
amount of energy from the grid-plate 
resonator and delivering it at a 
proper phase to the grid-cathode re¬ 
sonator. Generally a circuit like this 
is frequency-sensitive and represents 
a design problem for tunable osciUa^ 
tors, particularly if a single control 



FIG. 1—(A) Grouiul.d-eadied. drcnll eea* 
▼•nttoaolly mmI <rt law iraquMWlM. and 
(B) greuBiM-VTld drcvll UMd at I 1 H 6 in- 
qvMdaa 

tuning is desired over an appreciable 
frequency range. Various designs of 
this coupling are possible. 

R.-Mtraat Oiclllofar 

This article deals with an oscillator 
of a design named the re-entrant type 
oscillator. This oscillator is simple 
mechanically. It can be tuned by a 
single control over a considerable 
range with fairly constant power out¬ 
put The eflkiency and reliability of 
this circuit especially in the higher 
frequency range (around 8000 me), 
became evident early in its develop¬ 
ment It has been used successfully 
in a number of practical applications 
both as e-w and pulsed power 
sources. Different modifications of 
this circuit as applied to tubes of 
types 2C40 and 2G4S (see McArthur, 
E. D., Disk-Seal Tubes, Electronicsb, 
Feb. 1946, p. 98) are shown in’ Fig. 
8 to 9. 
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TABLE I—C-W OPERATION 
OF CAVITY OSCILLATOR 


/in 

4 

ip 

l4 

me 


all in inches 

3300 

1.37 

2.0 

1.17 

3000 

1.75 

2.4 

1.55 

1500 

3.8 

6.2 

2.35 

1000 

5 6 

9.4 

1.78 


See Fie. 3 for dimensionii, dp". 
9/16 in., d,: 13/16 in., d.: 1-1/2 
in. 


As shown in Fig. 3, the oscillator 
consists of an outer cylinder which 
makes contact over the base of a disk- 
seal tube. An inner rod makes con¬ 
tact with its plate cap. A finger or 
capacitive type plunger closes the re¬ 
sonant space. The grid connection 
consists of a cylinder which clamps 


around the grid ring of the disk-seal 
tube. A d-c connection for the grid 
bias is made at the proper points on 
the grid cylinder. The frequency of 
oscillation depends primarily upon 
the length of the grid cylinder as 
shown by Table I. The plunger has 
to be placed at a proper position to 
obtain optimum performance. There 
are, however, other modes of opera¬ 
tion in which plunger position is 
more important than grid cylinder 
length in setting the frequency. 

For the circuit of Fig. 3, a d-c 
plate potential of 250 to 500 volts is 
recommended. A power output of 100 
to 150 milliwatts can be obtained 
from a 2C40 tube at 3000 me with a 
plate voltage of 250 volts. 

Tuning can be accomplished in 
various ways. One method is to make 
the grid cylinder telescopic and to 
move it together with the plunger as 


TABLE n—PULSED 
OPERATION OF CAVITY 
OSCILLATOR 

/ in L I, 
me all in centimeters 


3300 2.7 2.28 2.2 5,4 
3000 3.5 2.5 3.0 6.2 

See Fig. 7 for dimensions, d*: 
1-15/32 in., d,: 9/16 in., d,: 
1-1/4 in., dgi 13/16 in. 


shown in Fig. 4. Tuning can also be 
accomplished by moving the plate 
contact assembly including the 
plunger along the anode cap as 
shown in Fig. 6. 

Figure 6 shows an oscillator which 
has a movable tuner on the plate rod 
and a separate plunger. The tuner 



no* 2—la UUs «reiiaded-grld corlty dr- 
cult tha gild and grid aMniallag ring lonn 
g Mporotfag ploat batweaa eoliiode and 

w mO Qm CCWIhCC 



no. 3—Un«tli of tli« «rid erlliid*t datar- FIG. 4—A, tha talaieoplnv grid crUndar 
niaaa tha iraguaiuiF al lUt eorltr oaeU- timaa tha cenrltr owUlotor, tha H.ni.g 

lolar. Tha taaiag phiagat la aat lor optl> pluogar olsa mevaa to aalntoin <q»UaoBi 

aoB porlenaoiKa eoaditlona 
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PIO. 5_TKU tunlav method r*quirM a FIQ, 6—To obtolB a moro rolioblo ilidlBg HG. 7 —'Whorooo tuBiiig plimgoit horo 

•lidlBg coalad at tho oaodo cap that mnit oontoct than thol ol Fig. 8. Iho tnnliig both In o l do and entsido lUdlng oontoeti. 

pOM d-c ond withstand tho high onodo plungor Is moontod on a slooro that sUdos ploio chokos must slldoonly on thoir In- 

tomporatnro on tho pioto lod loooo 

on the plate rod is first put as near fully. The adjustment waa accom- For pulsed operation with the 
the plate of the tube as possible and plished by moving these probes or 2C48, the data for the oscillator 

the plunger adjusted for optimum loops radially and axially. These dif* shown in Fig. 7 is presented in Table 

operation. Then the plate tuner and ferent methods are illustrated in the II. A plate voltage peak of 2.5 to 8 kv 

the plunger are locked rigidly to- drawings of the several types of was used with these circuits. A 

gether and moved simultaneously for oscillators. power output in the order of 1 kw 

tuning. 

The problem of power extraction 
from such an oscillator is» of course, 
one of matching the desired load im¬ 
pedance to the impedance that the 
oscillator requires for optimum oper¬ 
ation. This can be accomplished in 
any of the well-known ways of im¬ 
pedance matching over the necessary 
range. Preferably, points for power 
extraction should be chosen which are 
physically convenient. The adjust¬ 
ments of the impedance matching 
system will then be best accomplished 
experimentally. For example, the 

loop near the end of the grid cylinder rrwe»y ehoioeiMlsiles d rMainmt ssdllaier of lb# type showa la Fig, 8 . 

nearest the plate side or a probe near sight. Frogooacy eharaetorlsllc of fo-oatraal oodllalor laaod by fbo Mibod Ulaslralod 
the grid ring have been used success- la rig, • 
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can be obtained with 8 kv at the plate, 
1,000 pulses per second, and l>micro- 
second pulse duration. 


The frequencies given in this arti* 
cle are, of course, only approximate 
for the indicated dimensions. The 


actual frequencies will depend on 
which type of tube is used and will 
vary somewhat among tubes. 


Waveguide Transmission Systems 

The useful transmission of power from a microwave oscillator to an antenna invariably 
requires a multiplicity of joints and bends. These components must be carefully engineered 
and fabricated to avoid undue losses or standing waves arising from discontinuities 


A RECTANGULAR WAVE GUIDE sys¬ 
tem that connects a microwave 
transmitter or receiver to an antenna 
may contain a considerable number 
of cascaded wave guide sections and 
components. Some of the compon¬ 
ents that might be found in a typical 
system are shown in Fig. 1, and in¬ 
clude straight sections, bends, twists, 
right angle corners, rotating joints, 
and coaxial line to wave guide adapt¬ 
ors. In addition, the components 
must be assembled with the use of 
connectors which join together the 
various wave guide sections. 

To operate at maximum efficiency, 
the transmission system should have 
minimum attenuation. Furthermore 
it should be electrically smooth and 
free from impedance discontinuities, 
otherwise standing waves will be set 
up in the line with a consequent in¬ 
crease in the attenuation. A more 
serious effect of these discontinuities 
in the line may be the resulting im¬ 
pedance mismatch between the trans¬ 
mitter or receiver and antenna. These 
mismatches may lead to very serious 
decreases in transmitter power out¬ 
put or receiver sensitivity. Further¬ 
more, if there is a guide very many 
wavelengths long between the dis¬ 
continuity and transmitter, the load 
impedance presented to the trans 
mitter may be a very rapidly varying 
function of frequency, with resulting 
instability in the transmitter output. 

The maximum allowable attenua¬ 
tion for the transmission system, and 
the maximum allowable input voltage 
standing wave ratio (i)g — Em^/Smin) 
to the system with a matched load on 
the tar end are determined by tht 


By THEODORE MORENO 

required overall performance of the 
receiver or transmitter. Once the 
performance requirements of the 
transmission system have been estab¬ 
lished, and the number of compon¬ 
ents in the system are known, the 
required attenuation and standing 
wave ratio of each component may be 
estimated. 

If there are no resonances in the 
system, the overall system attenua¬ 
tion, expressed in db, will be the sum 
of the attenuations of the individual 
components and connectors. The re¬ 
flection introduced by each compon¬ 
ent will add to or subtract from the 
reflected wave already present in the 
system, depending upon their phase 
relationships. The input standing 
wave ratio to the entire system can¬ 
not be predicted unless tne phase re 


lationships of the reflections intro¬ 
duced by each component are known. 
Usually this information is not avail¬ 
able; only the standing wave ratios 
introduced by the components are 
known. But if there are n compon¬ 
ents and connectors, each introduc¬ 
ing a standing wave ratio (tjO into 
a matched line, the maximum stand¬ 
ing wave ratio for the entire 

system, which will be encountered if 
all reflections add in phase, will be 
given by 

rimms =* ( 171 )’* 

The most probable standing wave 
ratio for the entire system (Tipr), as¬ 
suming random phase addition of all 
reflections, is given to a good ap¬ 
proximation by 


V '■ 









CORNER 
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if the number of components or the 
reflection from each component is not 
excessively largre. 

It is apparent that if the overall 
system requirements are strict, and 
there are a considerable number of 
components and connectors in the 
system, the requirements imposed on 
the performance of each component 
may be quite severe. For example, if 
there are 10 elements in a microwave 
system, each with a loss of 0.1 db and 
capable of introducing a swr of 1.05 
into a matched line, the total loss in 
the system will be 10 x 0.1 = 1.0 db 
or 21 percent of the input power. The 
most probable input swr will be 1.17 
and the maximum possible swr will 
be 1.63. But if each component has a 
loss of 0.3 db and introduces a swr of 
1.2, the total loss will be 3.0 db or 
50 percent of the input power, the 
most probable swr will have risen to 
1.78, and the maximum possible swr 
will have reached 6.2, in general a 
prohibitively large value for satis¬ 
factory system operation. 

Each connection between the vari¬ 
ous components of a wave guide 
transmission system is a possible 
discontinuity in the transmission 
line, and the connectors must there¬ 
fore be carefully designed if the sys¬ 
tem is to operate at maximum effi¬ 
ciency. 

Wave Guide Coenecfert 

If the ends of two sections of wave 
guide are machined off square and 
then clamped tightly together, the 
resulting butt joint will generally be 
electrically smooth and free from 
loss. The only discontinuity offered 
by such a butt joint will result from 



PIQ. 2—‘A choke-flange oouptlag need tor 
eonaectlag eectSons of reetaagular wove 
guide 


misalignment and differences in the 
guide dimensions on either side of 
the joint. These are usually neglig¬ 
ible if the wave guides are held to 
close tolerances during manufacture, 
and both the loss and reflection will 
be so small as to be very difficult to 
measure. 

The efficiency of such a connection 
depends critically upon the tightness 
of the joint between the wave guides. 
If the ends of the guide are not fin¬ 
ished square and smooth, if the 
guides are misaligned or not clamped 
tightly together, the loss and reflec¬ 
tion may be relatively large. And if 
the joint is not mechanically satisfac¬ 
tory, it is impossible to predict ac¬ 
curately what its electrical perform¬ 
ance will be without careful measure¬ 
ment, although losses in the order of 
1.0 db have been measured. So while 
the simple butt joints may be very 
satisfactory, and are even preferred 
when accurate measurements are 
being performed, they must be as¬ 
sembled with considerable care and 
mechanical accuracy. 

The assembly of wave guide com¬ 
ponents is greatly facilitated with 
the use of choke couplings, as illus¬ 
trated in Fig. 2. These may be de¬ 
signed to offer a minimum reflection 
and loss, and offer great advantages 
in flexibility and reliability. The 
Lrshaped cavity between the choke 
and flange may be considered a half¬ 
wave shorted line in series with the 
wave guide, which presents a short 
circuit at the input and offers there¬ 
fore a minimum electrical discontin¬ 
uity. The circular slot in the choke 
is a quarter wavelength deep. This 
places the contact between choke and 
flange at a point of zero current; 
therefore the contact does not have to 
be good. The distance from the slot 
to the wave guide must be deter¬ 
mined experimentally, but it is elec¬ 
trically equivalent to a quarter wave¬ 
length.. For maximum bandwidth, 
the width of the slot should be ap¬ 
preciably greater than the separa¬ 
tion between choke and flange faces. 

A choke-flange connection of this 
type when properly designed will In¬ 
troduce a swr less than 1.05 over 
most of the usable range of the trave 
guide. The loss wiU be in the order 
of 0.001 to 0.01 db» loerdaefag leith 



FIG. 3—uMd to choaga tha diraction 
ol ractongutor war* golds 


decreasing guide size, and independ¬ 
ent of the tightness with which the 
choke and flange are clamped to¬ 
gether. 

Transmission through a choke- 
flange joint will be satisfactory even 
if the choke and flange faces are sep¬ 
arated and misaligned to a certain 
extent, or if these joints are used for 
nonrigid couplings such as are re¬ 
quired when a shock-mounted chassis 
is connected to a rigidly mounted 
line. If a clearance of tV wavelength 
is allowed between choke and flange, 
a sidewise displacement of up to A 
wavelength will not raise the loss 
above 0.3 db, or the swr above 1.3. 

Two chokes paired together will 
generally form a satisfactory con¬ 
nection, and may allow a greater sep¬ 
aration for a nonrigid joint. But 
with paired chokes there is usuaUy a 
resonance encountered near the de¬ 
sign wavelength, which is marked by 
a sharp rise in the loss and swr. Also 
the swr over a band of frequencies is 
generally higher than for the choke- 
flange combination. 

Wove Gside leadt 

The direction of transmission in a 
wave guide system may be changed 
by bending the wave guide. The bend 
may be in the plane of either the elec¬ 
tric or magnetic fields, and is corres¬ 
pondingly called an E or H plane 
bend (Fig. 8). The radius of the 
bend is not critical and may be quite 
small. 

If tbe inner ra^ni of the bend ia 
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greater than a guide wavelength, X,, 
the swr will be under 1.05 over the 
normal operating range of the wave 
guide. A much smaller radius, down 
to X,/4 or less, will produce a swr in 
general under 1.1, but considerable 
care must be applied to the fabrica¬ 
tion of the bend to achieve these re¬ 
sults. A simple theory predicts that 
best results will be found with bends 
whose mean length is an integral 
number of half wave guide wave¬ 
lengths, but the effects of irregu¬ 
larities in fabrication are usually 
much more important. 

Several techniques of fabricating 
bends are widely used. The tubing 
may be filled with a low melting- 
point alloy and bent around the de¬ 
sired inner radius. For small ra^ii, 
the cross-section will be distorted 
from a rectangular into a trapezoidal 
shape, which will increase the reflec¬ 
tion, but the desired cross-section 
may be maintained by forcing rollers 
through the guide after the bend has 
been made. 

Small radius bends are also fabri¬ 
cated from sheet brass by silver 
soldering, but this must be done with 
care, or irregularities will mar the 
inside surface. Electroforming' is 
satisfactory, giving bends with a 
uniform, rectangular cross-section 
and smooth inside surface. 

Wave Guide Twitti 

A rectangular wave guide may be 
twisted about its axis to rotate the 
direction of the electric field. No 
great standing ratio will be set up 
if the guide is not deformed in the 
process (Fig. 4). Filling the guide 
with low melting-point alloy before 
twisting is a common method of 
fabrication, and electroforming is 
also satisfactory. If the twist is 2X« 
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or more in length for a 90 degree ro¬ 
tation, the swr will generally be un¬ 
der 1.1, and shorter twists are satis¬ 
factory if carefully made. 

Wava Oaida Coniars 

Changing the direction of trans¬ 
mission in a wave guide system by 
an abrupt corner is generally not 
satisfactory, as an appreciable re¬ 
flection will be set up. But if the de¬ 
sired angular change is accomplished 
by using two simple corners (Fig. 
5), spaced apart approximately a 
quarter wave guide wavelength 
(L/X„ = 1), the reflections from 
the two corners will cancel each 
other. For E plane corners, the opti¬ 
mum spacing is given very closely by 
L/X^ = 0.26 for angles up to 90 de¬ 
grees, but for H plane corners, this 
optimum spacing is slightly differ¬ 
ent, and is plotted as a function of 
X/a in Fig. 5 for a 90-degree total 
change in direction. 

The bandwidth over which these 
corners will introduce a standing 
wave ratio less than 1.05 is generally 
plus or minus three decreased by 10 
percent of the center frequency for a 


90 degree bend, increasing as X/a 
decreases, and is greater for smaller 
angles. Circular bends are preferred 
for larger angles and greater band- 
widths. 

It is also possible to eliminate the 
reflection at an abrupt comer by 
modifying the comer as illustrated 
in Fig. 6, and the bandwidth will be 
very nearly the same as for the dou¬ 
ble corner. The required dimensions 
for the corner are plotted as a func¬ 
tion of the angle for both E plane 
corners and H plane corners in Fig. 
6. This type of corner must be held 
to rather close manufacturing tol¬ 
erances to attain the optimum per¬ 
formance. 

Toa Jointt in Wova Gnidns 

Tee joints in rectangular wave 
guides are similar to stubs in con¬ 
ventional transmission lines. A stub 
that branches from the broad side of 
a rectangular guide in the E plane is 
in series with the main guide, and a 
stub that branches from the narrow 
side in the H plane is in shunt with 
the main guide (Fig. 7). 

The presence of the fringing fields 



FIG. S—Ninaty-dagroa cornara in wove gulda daaigned for minimum roflection. 
Optimum apadag for E'plaiio comora ia datorminod from tho oaproaaioa in tho box; 
thot for fho H-ploao comor from tbo graph 







472 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 



PIG. 8—8te«l«-corn«r with minimmn ralUctlon. Required dimensioni lor both typot 
ol coraor oro plottod os a iuncUon oi the angle 


at the corners somewhat modifies the mission between these arms. The 
action of the tees. With the series or minimum swr which can be attained 
E plane tee, a short circuit placed will depend upon the ratio of wave- 
X,/2 aw^ay from the junction should length to guide dimensions, and upon 
allow perfect transmission past the the type of tee, but will usually be of 
stub, and a short a,/ 4 away should the order of 1.5. For perfect trans¬ 
cause complete reflection at the stub, mission, it is necessary to modify the 
For the shunt or H plane tee, a short tee by the addition of some sort of 
X,/4 away should give perfect trans- matching structure, such as the me- 
mission, and a short a^/ 2 away should tallic diaphragm indicated in Fig. 7. 
cause complete reflection. It is actu- In the design of wave guide corn- 
ally possible to find positions of the 


ponents, it is often necessary to em¬ 
ploy some sort of matching device to 
remove the reflected wave that re¬ 
sults from a discontinuity. This may 
be accomplished by introducing an 
additional discontinuity, the reflec¬ 
tion from which is of the proper mag¬ 
nitude and phase to cancel the unde¬ 
sired reflected wave. Thin metal dia¬ 
phragms or metal posts are widely 
used for this purpose; these are 
equivalent to susceptances that shunt 
the transmission line. 

The required normalized suscept- 
ance may be determined by measur¬ 
ing the swr in the line that is to be 
reduced, and is given by 

IB/m « t;, - 1/V^7 (2) 

The' susceptance should then be 
placed at a distance d, from a voltage 
minimum, given by 

di 90 — tan“^ J 1 B/W | 

"xr " 720 ^ ^ 

where the arctangent is expressed in 
degrees. The matching susceptance 
if inductive should be placed at this 
distance on the load side of a voltage 
minimum, if capacitive it should be 
located an equal distance toward the 
signal input from minimum. For 
minimum frequency sensitivity, it 
should be located as near as possible 
to the source of the undesired reflec¬ 
tion, and it should be kept in mind 
that voltage minimums are spaced 
apart Xf/2 along the input guide to 
the source of reflection. 

One of the most commonly used 


short in both branch arms which give 
perfect transmission and complete 
reflection, but the locations are 
slightly different from the above 
values, and depend upon the ratio of 
wave guide dimensions to wave¬ 
length. 

With the idealized tees, it should 
be possible to locate a short in 
branch one to allow perfect trans¬ 
mission from branch two to stub arm 
branch three, or to cause a complete 
reflection at the junction. With the 
actual tees, it is possible to locate the 
short to give a complete reflection 
for an input signal from branch two 
or three, but there is no short loca¬ 



tion which will give perfect trans- 
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FIG. 8—Suic^ptonce oi the inductive dio- 
phrogm uied ior impedance matching in 
rectangular wave guides as a iunction of 
dimensions 

matching susceptances is a thin 
metal diaphragm placed transversely 
across the wave guide, with an open¬ 
ing symmetrically located and ex¬ 
tending across the wave guide paral¬ 
lel to the narrow dimension (Fig. 8). 
This type of diaphragm is equivalent 
to an inductive susceptance shunting 
the guide. The magnitude of this 
susceptance depends upon the size of 
the opening in the diaphragm, and 
may be obtained from the figure. 

Another matching susceptance that 
is widely used is a metallic post or 
tuning screw centrally located in the 
broad side of the guide and extend¬ 
ing part way across parallel to the 
electric field. This screw is equiva¬ 
lent to a shunting capacitive suscep¬ 
tance whose magnitude increases 
with probe depth. A resonance is 
reached when the probe depth is ap¬ 
proximately a quarter wavelength, 
and for greater lengths the probe is 
inductive, but practically it is never 
used in the inductive region. 

The output of many microwave os¬ 
cillators is delivered into a coaxial 
line, and some sort of coaxial line to 
wave guide transformer must be 


used to send the signal through a 
wave guide transmission system. The 
most suitable transformer section is 
one that introduces no reflected wave 
when a signal is fed between the 
coaxial line and wave guide in either 
direction. If losses are low, reflec¬ 
tionless transmission in one direc¬ 
tion is a guarantee of reflectionless 
transmission in the other. 

The simplest coaxial line to wave 
guide transformer is constructed by 
extending the center conductor of 
the coaxial line into the wave guide 
to form a probe antenna in the wave 
guide, parallel to the electric lines 
of force (Fig. 9A). This transition 
will introduce no reflection at a 
single frequency if the probe antenna 
is of the proper length and the 
proper distance from the wave guide 
short. Both of these dimensions are 
roughly a quarter wavelength, but 
must be determined experimentally 
for satisfactory results. 

The bandwddth over w^hich the 
transformer is satisfactory is made 
greater by increasing the size of the 
coaxial line and the diameter of the 


antenna, and also by rounding the 
end of the antenna. It is still further 
increased by modifying the probe as 
shown in Fig. 9B, to end in a metal 
sphere, and by flaring the outer con¬ 
ductor of the coaxial line into the 
inner wall of the wave guide. A 
transformer of this type can be de¬ 
signed to introduce a swr below 1.2 
over most of the useable range of 
a wave guide. 

Two additional designs of fixed- 
tuned broadband transformers are 
shown in Fig. 9C and D. Type C is 
called a doorknob transformer, and 
has been designed to handle high 
powers. Both C and D provide a 
support for the center conductor of 
the coaxial line, and also a direct 
current return, which are advan¬ 
tages for some applications. Both of 
these designs have good bandwidth, 
but the optimum dimensions must be 
found experimentally for different 
sizes of coaxial line and wave guide. 

Reference 

(1) Hassoll, P., and Jenks, P.. Elpctro- 
forniing Mlcrowavp CotnponentR. Ei.trTKoNiCK, 
p i;i4, March, 1040. 
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Coaxial Butterfly Circuits 

Coaxial versions designed to fit over the type 2C43 lighthouse tube serve as wide-range uhf 
signal generators suitable for general laboratory use in the range from 500 to 1,600 mega¬ 
cycles. A single control varies feedback and frequency for either c-w or pulsed operation 


I N SPITE of the large increase in 
production and use of high-fre¬ 
quency equipment during the war, 
simple and convenient laboratory ap¬ 
paratus such as variable oscillators 
and standard-signal generators, for 
frequencies above 600 megacycles, 
have not progressed commensurably. 
Much equipment has been built and 
used at frequencies well above 500 
megacycles, but most of it has been 
for special purposes and is not suit¬ 
able for general laboratory use. 

During the emergency period, 
when speed was essential, it proved 
much quicker and easier to build a 
series of fixed-frequency test oscil¬ 
lators for specified frequencies and 
uses than to build multiple-purpose 
wide-range variable oscillators. 

While fixed-frequency or limited- 
range oscillators were being used as 
an expedient, development work was 
continued on wide-range variable os¬ 
cillators. This paper is a report on 
one such development, using the type 
2C43 lighthouse tube. The oscillators 
developed have a single tuning con¬ 
trol, wide tuning ranges, good out¬ 
put, and no sliding contacts. 

Orifiaol latHHIy Cireaif 

Simple negative-grid triode oscil¬ 
lators using a single tuned circuit 
between grid and plate can be made 
to operate at frequencies approach¬ 
ing the resonant frequency of the 
tube if the tube has properly propor¬ 
tioned grid-cathode and plate-cathode 
capacitances. A compact tuning unit 
such as the butterfly circuit^ is con¬ 
nected with a minimum of lead in¬ 
ductance between grid and plate, 
while feedback to sustain oscillation 
is determined by the effective grid- 
cathode and plate-cathode capaci¬ 
tances. 

Because of the low ratio of plate- 
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cathode to grid-cathode capacitance 
of the disc-seal or lighthouse tubes, 
efforts to use these in simple oscil¬ 
lator circuits were not successful 
above 700 megacycles. However, of 
the available high-frequency triodes, 
the lighthouse tube seems to have 
power ratings best suited for use in 
laboratory oscillators, when maxi¬ 
mum frequency and good output are 
required. Although this tube does 
not work well in the simple oscil¬ 
lators using a single tuned circuit, it 
will oscillate to higher frequencies 
than other available tubes, with good 
efficiency, when used in oscillators 
employing multiple tuned circuits. 

Coaxiol VertfoN 

To build a tuning unit to fit the 
lighthouse tube in a convenient man¬ 
ner, a much different mechanical 
structure from the original butterfly 
circuit was required. Since the tube 
was designed for use in coaxial-line 
resonators, it seemed desirable to try 
to build variable oscillators using ele¬ 
ments of coaxial lines as resonant 
circuits. The resulting tuning unit 
is known as the coaxial butterfly. 


Figure 1 illustrates the basic form 
of the coaxial butterfly tuning unit, 
showing the high-frequency position 
of the rotor at the left and the low- 
frequency position at the right. This 
unit consists of a coaxial line shorted 
at one end and open at the other. 
The outer conductor is not a full 
cylinder, but has two 105-degree sec¬ 
tions cut away. Rotating between 
inner and outer conductors are two 
75-degree sectors which vary the 
frequency. 

In operation the tube is connected 
across the open end of the line and 
acts as a capacitive load foreshorten¬ 
ing the line. The length of the line 
at resonance is much less than a 
quarter-wavelength because of this 
loading. As the two rotor sectors are 
rotated, the characteristic imped¬ 
ance of the line is varied. This means 
that the amount of foreshortening 
caused by the tube grid-plate capaci¬ 
tance changes, and hence the reso¬ 
nant frequency is varied. 

Figure 2 shows a basic unit equip¬ 
ped with terminals for connection to 
the plate and grid of the lighthouse 
tube. In addition to the loading 
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FIG. 2—Coaxial buttorfly unit, dosigned to mako plote and grid connoctlong auto¬ 
matically when pushed over the lighthouso tube 


FIG. 4—Coox&ol butterfly rotor construe* 
tion which has given widest frequency 
ranges in uhf oscillators 



caused by the tube grid-plate capaci¬ 
tance, there is some capacitance 
added across the open end of the line 
by the rotor segments. 

Freqiieney-Copacitonce Chart 

To get a better understanding of 
these tuning units, the plot shown in 
Fig. 3 was made. Values of loading 
capacitance required for a line of 
unit cm length are plotted versus fre¬ 
quency for a range of Zo from 10 to 
500 ohms. 


Besides showing that there is not 
much to be gained in frequency 
range by making the loading capaci¬ 
tance larger than the tube grid-plate 
capacitance, the chart can be used as 
a means of finding the resonant fre¬ 
quency for a line of known impedance 
Zo, known length, and a given loading 
capacitance, or to obtain the proper 
loading capacitance for a desired 
frequency with a line of given Zo and 
length. 

The chart has proved very useful 


in designing some of the coaxial tun¬ 
ing units. For example, with the 
dimensions and spacings that are 
considered practical in these tuned 
circuits, Zo can be varied from about 
30 ohms to 150 ohms. If we make the 
tuned circuit 2 cm long, what fre¬ 
quency range should we get if the 
total effective loading capacitance is 
4jLt/if, This makes w = 2; the chart 
is adapted for this line length by 
multiplying capacitance scale values 
by 2. The original 2-/i[Af line on the 
chart now represents 4 /t{j.f, the value 
at hand, and the frequency values ob¬ 
tained will be divided by 2. For Z,, = 
150 ohms the frequency then is 
1,600/2, and is 3,200/2 at Z, = SO 
ohms, giving a frequency range of 
800 to 1,600 megacycles for the unit. 

Figure 4 shows the rotor construc¬ 
tion which has given the widest fre¬ 
quency ranges. The two full metal 
rings at the ends not only make a 
stronger and more easily supported 
rotor than is shown in the basic 
units, but serve to keep the lumped 
inductance at the ends of the line at 
a minimum so that it is possible to 
take advantage of most of the change 
in Zo caused by the rotor segments. 

Wida Fraqaancy Roaqat 

The most effective means for get¬ 
ting wide frequency ranges has been 
to reduce all spacings between the 
rotor and the fixed portions of the 
tuned circuit. This decreases the ef¬ 
fective Zo when the rotor is meshed 
with the outer conductor. In addi¬ 
tion, the effective loading capacitance 
is increased. At low frequencies, Zo 
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FIG. 5—^ExampU of Iroquoncy ▼orlcrtion 
Toraua dial rolatton thot la poaalblo with 
coaxial buttorlly unita. Cunroa A« B. and 
C apply whon atator or outer conductor 
of unit la ahopad aa In akotchoa A, B« and 

C roapactlYoIy 

18 unchanged, and the resonant 
frequency is reduced. At high-fre¬ 
quency settings the resonant fre¬ 
quency is increased because the 
decrease in Zo has greater effect than 
the increase in loading capacitance. 

Sfotor Dofiqn 

The stator or outer conductor of 
the line can be altered or shaped to 
provide a desirable law of frequency 
variation. While this lowers the top 
frequency for a given unit, the conse¬ 
quent reduction in the low-frequency 
limit produces an increased fre¬ 
quency range. Figure 5 illustrates 
one possibility. Here a 1,000-1,300 


megacycle oscillator was designed 
for beat operation with a fixed 1,000- 
mc oscillator. A logarithmic varia¬ 
tion of beat frequency was desired 
between 10 and 300 megacycles. 
Curve A shows the variation obtained 
before shaping, with most of the fre¬ 
quency change occurring in the rela¬ 
tively small region where the rotor 
segments are just beginning to pass 
under the outer conductor. Curve B 
shows the results of shaping the 
stator as indicated in sketch B, and 
curve C shows the final curve ob¬ 
tained with the outer conductor 
shaped in the manner shown in 
sketch C. It will be noted that rota¬ 
tion has been reduced from 90 de¬ 
grees to slightly less than 70 degrees. 

The Q obtained with a coaxial but¬ 
terfly circuit is low when compared 
with that obtained in coaxial tuners 
of optimum dimensions. Measure¬ 
ments on a tuning unit with a range 
of 620-1,350 megacycles indicate that 
the Q is about 350 at the low fre¬ 
quency and about 200 at 1,000 
megacycles. 

Foadbaek CIrcuiH 

The basic feedback circuit used 
with coaxial butterfly oscillators is 
shown in Fig. 6. The coaxial butter¬ 
fly unit supplies a high resonant im¬ 
pedance between grid and plate of 
the tube. The outer cylinder, with 
tube and tuned circuit forming part 
of the inner conductor, makes up a 
coaxial resonator between grid and 
cathode of the tube. The fields of the 
two circuits are linked through the 
openings of the coaxial butterfly. 
Proper feedback for oscillation is ob¬ 
tained by adjusting the two disc¬ 


shaped plungers within the outer 
cylinder. 

In addition to the frequency-deter¬ 
mining rotor, this system requires 
two adjustable elements which have 
multiple sliding contacts. This cir¬ 
cuit can be simplified if the plungers 
are properly located for the highest 
oscillator frequency and feedback 
for lower frequencies is maintained 
by adding capacitance C, between a 
point on the tuning unit and a point 
on the outer chamber. 

Sliding contacts can be eliminated 
if this capacitance is added, as shown 
in Fig. 7, by a series of adjustable 
metal fingers (a) which mesh suc¬ 
cessively with a tab on a ring (d) 
which is carried by the rotor. While 
multiple tuning elements are re¬ 
quired, a variable oscillator with a 
single tuning control is the result. 
Oscillators with capacitive feedback 
adjustments such as this work satis¬ 
factorily over frequency ranges of 
about 1.6 to 1. Coaxial butterfly tun¬ 
ing units can be conveniently built 
to cover ranges of 2 to 1. 

To make use of ranges available 
for grid-plate tuning units, an addi¬ 
tional element to the feedback cir¬ 
cuit was found necessary. This ad¬ 
dition, shown in Fig. 8, consists of 
added grid-cathode capacitance pro¬ 
duced by a series of adjustable An¬ 
gers (b) mounted on the cathode 
stub which mesh successively with 
the shoe (c) mounted on the feed¬ 
back ring (d). 

As will be demonstrated, the feed¬ 
back circuits outlined affect the coup¬ 
ling between the gnd-plate tuning 
unit and the grid-cathode resonant 
circuit as well as keep the grid-cath- 
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FIG. 8—F»«dbock circuit lor wido-raago 
coaxlol bttttorlly oacUlotor, with no sliding 
contocts 


ode circuit properly tuned. Varia¬ 
tions in coupling are caused by the 
relation of the feedback fingers (a) 
to the openings in the coaxial butter¬ 
fly unit. For this reason, and because 
the coupling varies with the rotor 
position, some amount of experiment¬ 
ing and compromising is required 
before a continuously variable oscil¬ 
lator with a frequency range of 2 to 
1 can be obtained. The final result, 
however, is an oscillator that has a 
wide tuning range, good efficiency, a 
single tuning control, and no sliding 
contacts. 

Steps in the development of oscil¬ 
lators using the coaxiaj butterfly cir¬ 
cuit have been outlined. Operating 
characteristics and descriptions of 
some of these oscillators follow. 

The Qrst oscillators developed 
using the coaxial butterfly unit were 
for use in a beat-frequency oscillator 
having a fixed 1,000-mc oscillator 
beating with a variable 1,000 to 
8,000-mc oscillator to produce an out¬ 
put frequency of 10 to 800 me. 

Seet-FrsqHMcy Otelllator 

The beat-frequency oscillator was 
suggested as a means for obtaining 
pulses with extremely short rise time 
at low frequencies where conven¬ 
tional oscillators do not have sufll- 
ciently rapid starting or buildup 
time. The fixed oscillator was to op¬ 
erate as either a c-w oscillator or a 
pulsed oscillator. 

Pulsing requires more than the 
usual feedback to obtain the short 
rise time, and early experiments us¬ 
ing Hit sliding end discs for feedback 


adjustment showed that a change in 
feedback was required if the oscil¬ 
lator was to be shifted from c-w op¬ 
eration to pulsed operation. It was 
noted that the change was accom¬ 
plished by keeping the length of the 
outer cylinder constant and moving 
the tuning unit with respect to the 
end discs. 

It was also found that the results 
could be duplicated by using the ca- 
pacitive-type feedback. To reduce 
drift, the two oscillators were kept as 
much alike as possible. Outer cham¬ 
ber dimensions were kept the same. 
Adjustable capacitive-type feedback 
was retained for the fixed oscillator 
to obtain the required change in feed¬ 
back, and the fixed oscillator grid- 
plate tuning unit was built as a 
coaxial butterfly with the rotor omit¬ 
ted. 

Ofcilloter lelldsp Time 

Figure 9 demonstrates rather 
clearly that the capacitive adjust¬ 
ment does more than keep the grid- 
cathode chamber properly tuned. By 
shifting the point at which the ca¬ 
pacitance is produced, frequency 
stability and oscillator starting or 
buildup time are markedly modified. 
As indicated by the upper right-hand 
sketch, the oscillator buildup time 
has been broken up, for convenience, 
into two components, which have 
been called Tp and Tm (delay time 
and rise time). Good stability re¬ 
quired for c-w operation results 
when the capacitance is produced in 
line with the solid portion of the tun¬ 
ing unit, while rapid rise time and 
short delay time required for pulsed 
operation result when the capacitance 
is produced in line with the opening 
of the tuning unit. 

As a pulsed oscillator, delay time 
was reduced to about 0,06 microsec¬ 
ond and the rise time was reduced to 
less than 0.05 microsecond. Many 
things was tried in an effort to im¬ 
prove the rise time of the oscillator 
under pulsed conditions. Loading the 
oscillator in an effort to reduce the 
Q of the tuned circuit was one device 
that was effective. The effect was not 
noticeable, however, until feedback 
had been adjusted for optimum pulse 
shape. 

As a means to pulse the oscillator. 


a relatively low-power negative pulse 
was produced across the cathode re¬ 
sistor. This method was simple, 
worked very well, and did not require 
the high power that would be 
needed for plate pulsing. 

As a c-w oscillator, the stability 
factor or frequency change in parts 
per million caused by a 30-percent 
change in plate voltage was reduced 
to 1,000. Power output of 1.7 watts 
with an efficiency of 30 percent was 
obtained with 260 volts on the plate. 
While operation is possible for all 
positions of the feedback capaci¬ 
tance, stability is poor when feedback 
is optimum for pulsing, and oscillator 
rise time is bad when feedback is 
optimum for c-w operation. 

Variable Oscillator 

Power output of an experimental 
model of the 1,000-1,300 megacycle 
variable oscillator for use in the beat- 
frequency oscillator varied from 0.3 
watt to 0.7 watt with a plate voltage 
of 250 volts, while efficiency varied 
from 6 percent to 15 percent. A size¬ 
able loss of power output and effi¬ 
ciency is the price paid for variable- 
frequency operation. 

WIda-Roaga Otclllotor 

After completing work on the beat- 
frequency oscillator, it was decided 
to try to make an oscillator having a 
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wide range that would be suitable 
for laboratory use. As has already 
been pointed out, ranges could be 
made much wider than were required 
for the beat-frequency oscillator. 
Experiments showed that because of 
the space required by the outboard 
drive for the rotor, the maximum fre¬ 
quency for which the outer resonant 
circuit could be adjusted was about 
1,360 me. To get as wide a range as 
possible for experiments, the lower 
frequency was reduced. The final fre¬ 
quency range obtained with this 
oscillator was 620 to 1,340 me. This 
range was again obtained with a 
single tuning control, with no sliding 
contacts. 

Rofitioa of Coopllog Loop 

Location of an output coupling 
loop for this oscillator was deter¬ 
mined experimentally. It was first 
roughly determined that maximum 
output could be obtained if the loop 
were located in the end disc of the 
outer chamber, opposite the adjust¬ 
able feedback fingers. 

Figure 10 illustrates the method 
used to locate the optimum position 
for the loop. At several frequencies 
throughout the range the oscillator 
end disc was rotated so that loop X 
was moved through the arc sub¬ 
tended by the feedback fingers (area 


ABCD). By this means it was dis¬ 
covered that maximum output for 
any frequency was obtained when the 
output loop was opposite the acting 
feedback finger. The fixed loop posi¬ 
tion which will give best output over 
the frequency range is then at 36 
degrees, or opposite the 1,000-mc 
active feedback finger. 

Power output obtained over the 
frequency range varies between 0.15 
and 0.30 watt. Here again increased 
frequency range is gained with a 
reduction in power output. 

Getting HIglinr Prnqunneint 

To extend the useful range of these 
oscillators to higher frequencies, a 
coaxial butterfly tuning unit for a 
range of 800 to 1,600 me has been 
built. The unit has a more compact 
and simple rotor support and drive 
than was used on previous models. 
Portions of the plate end or short- 
circuited end of the line have been 
cut away to allow the rotor supports 
to turn. Also, portions of the grid- 
end disc have been sliced off to make 
way for the supports which hold the 
feedback ring to the rotor. Other 
mechanical changes have simplified 
the assembly of the unit appreciably. 
Oscillations have been obtained over 
the frequency range of this unit with 
about the same vigor as are obtained 
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FIG. 10—OscUlator output as a function 
of output loop location with rospoct to 
octivo foodbock fingors 


from the lower-frequency unit. Tests 
have not been completed on this oscil¬ 
lator, but it is hoped that a mechani¬ 
cally simplified feedback circuit can 
be devised. 


CenclMtioni 

The oscillators described in this 
paper, while not of the more desir¬ 
able single tuned circuit type depend¬ 
ing upon the tube electrode capaci¬ 
tances for feedback, do operate with 
a single tuning control and are some¬ 
what more efficient. Sliding contacts 
have been eliminated and wide 
ranges have been maintained. The 
oscillators have high enough output 
to be used as laboratory oscillators 
or in standard-signal generators. 

New tubes may soon make these 
circuits obsolete, but for the present 
they are useful and their perform¬ 
ance is comparable to that of oscil¬ 
lators operating at much lower 
frequencies. 


RirninNCB 


(1) Karpli^ J4usrd,^ 

Circuit* anil OadUatori for High rnguandai, 
Froo. IHB, p 426-441, July. 1946. 
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Simplified Microwave AFC 

Combinations of motor and electronic afc action for microwave oscillators are discussed. 
Methods of automatic and manual correction scanning complete the design considera¬ 
tions for a 3,000-mc radio-relay system that remains within 200 kc of assigned frequency 


The afc system to be described is 
relatively simple, compact, easy to 
adjust, and can operate with either 
tunable klystrons or tunable mag¬ 
netrons. 

Most of the relay systems on mi¬ 
crowave channels are rather wide 

band, in the order of 2 me or more. 
Consequently, if the transmitter 
carrier is held to within about do 
200 kc of the assigned frequency, 
it will remain well within the chan¬ 
nel limits. A simplified motor- 
operated afc system will serve. 

In all automatic frequency con¬ 
trol systems, the frequency of the 
controlled oscillator is compared 
with a known reference frequency, 
and any discrepancy between the 

two, as indicated by the detection 
circuit, is used to apply a correction 
to the afc oscillator. One method 
uses a cavity resonator as the refer¬ 
ence frequency standard. The reso¬ 
nator is used in such a way as to 
obtain a sensing or directioning of 
the oscillator drifts for applying 
the proper corrections. This cor¬ 
rection may be accomplished by 
coupling the resonator to a wave¬ 
guide bridge circuit.' 

The type of sensing used in the 
system to be described is somewhat 
novel because it applies a sensing 
modulation to the reference reso- 


By F. A. JENKS 

nator itself. This sensing modula¬ 
tion provides a means of detecting 
the magnitude and direction of fre¬ 
quency shift of the oscillator. The 
signal carrying this information is 
used to shift the oscillator back to 
the correct frequency setting. 
Either mechanical or electronic 
means can be used to tune the tube, 
or both can be used in combination. 

Several useful afc systems are 
discussed: motor afc system alone; 
motor and reflector afc system 
combination; pushbutton scanning 
means for such systems; automatic 
scanning means. Their discussion 
is preceded by an analysis of cer¬ 
tain basic operating principles. 

Method of SoBiiog 

If the resonant frequency of an 
excited resonator is moved back 
and forth at a given rate, the re¬ 
sulting signal from a crystal detec¬ 
tor coupled to the cavity is in phase 
with the signal producing the res¬ 
onant frequency shift when the car¬ 
rier is effectively detuned to one 
side of resonance, and 180 degrees 
out of phase when it is detuned to 
the other side of resonance. As far 
as the crystal detector is concerned, 
variation of the cavity resonant fre¬ 
quency is equivalent to frequency 
modulation of the carrier generator. 


When the carrier is exactly in tune 
with the resonator, the detector 
output is entirely the second har¬ 
monic of the sweep rate, with no 
fundamental component present. 

Figures 1 and 2 illustrate these 
basic sensing functions graphically. 
Figure 2 shows that increasing the 
carrier detuning will enhance the 
voltage of the fundamental fre¬ 
quency-modulating frequency ob¬ 
tained from the crystal detector 
until the detuning has gone about 
one-quarter of the resonator band¬ 
width, at which point the voltage 
of the fundamental begins to drop 
off, although remaining in the same 
phase. The output signal from the 
detector crystal is a reversing-phase 
variable-magnitude voltage of the 
same frequency as that used to 
modulate the resonator. 

Figure 2 is correct for small fre¬ 
quency deviations of the resonator 
frequency, a condition which is em¬ 
ployed in the present afc system. 
Wider deviations move the funda¬ 
mental peaks out to about the half¬ 
power points on the resonance 
curve. The slope of the fundamen¬ 
tal curve at or near resonance is 
called the conversion factor or sen¬ 
sitivity of the resonator-detector 
unit, dEr/df, and is stated in volts 
per cycle for a given radio-fre- 
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quency power into the resonator and 
a given frequency deviation. 

To prevent modulation of the 
cavity from reacting on the oscilla¬ 
tor, careful adjustment of the coup¬ 
ling between the two is necessary. 
It is desirable to use only a small 
amount of power in the resonator, 
as this aids in meeting the decoup¬ 
ling requirement by allowing loose 
coupling and avoids absorbing too 
much energy from the oscillator. 

Basie Motor AFC 

To illustrate each functional sec¬ 
tion of the complete afc system, the 
two methods of control will be dis¬ 
cussed separately. Figure 3 shows 
a block diagram of the essential ele¬ 
ments of the motor afc without 
antihunt. Since the resonator- 
detector output is a reversing-phase 
variable-magnitude voltage of the 
fundamental sweep frequency, it is 
suitable for operating a two-phase 
motor. If one winding is excited 
with a constant voltage of fixed 
phase, and the other, called the con¬ 
trol winding, is excited by a vari¬ 
able-magnitude voltage of either 0 
or 180-deg phase relationship with 
respect to the first winding, the 
direction of rotation of the motor 
will depend upon whether 0-deg or 
180-deg phase voltage is in the con¬ 
trol winding. The speed at which 
the motor runs is dependent upon 
the amplitude of the voltage in the 
control winding, with zero voltage 
producing no rotation, even though 
full voltage is maintained on the 
first or reference phase winding. 
The motor, in essence, becomes a 

phase detector in this type of afc 
system. 

From the diagram of Fig, 3, it 
is seen that the resonator-detector 
signal is amplified and applied di¬ 
rectly to the control winding of the 
motor. The fixed phase winding 
derives its excitation from the same 
source that is used to produce the 
resonator frequency deviations for 
the sensing operations. 

Since the two-phase motor is a 
mechanical device, it is subject to 
certain evils, namely bearing fric¬ 
tion, inertia, and unbalance. In a 
good motor the rotor will be bal¬ 


anced rather carefully, and static 
inertia troubles will not begin to 
appear until the static friction in 
the bearings has been virtually 
eliminated. Owing to this friction, 
a finite signal voltage at the 
motor winding is needed to over¬ 
come these forces and produce rota¬ 
tion. Usually the rotational friction 
is lower than the static friction, and 
consequently it is not the important 
factor in the problem. 

Assuming then that the system 
is exactly in tune, no fundamental 
voltage will appear at the motor 
winding. As the oscillator begins 
to drift, the error signal on the 
motor winding has to reach a value 
of Em volts before motor-operated 
afc action takes place. Therefore, 
the unavoidable frequency error 
owing to friction is the frequency 
drift required to produce Em volts 
at the motor. 

Referring again to Fig. 8, the 
terms used to describe the action 
around the feedback loop may be 
summarized and defined. Em is the 
motor voltage required to overcome 
static friction; dE^/df is the reso¬ 
nator-detector voltage frequency 
sensitivity, near resonance; Am is 
the gain of the motor amplifier sec¬ 
tion; A/ is the frequency deviation 
error without afc. 

To cause afc action to take place 
the error signal must equal Em^ and 
that quantity may be evaluated by 

Em - Am (dE./df) A/ (1) 

Solving for the frequency error pro¬ 
duced by the motor afc because of 
frictional forces gives 

A/« ^liBm/Am) (df/dEc) (2) 

The error shown in Eq. 2 is the 
long-time error encountered in the 


motor-operated type of afc system 
(assuming negligible resonator and 
modulator drift), since the motor 
will drive until the error voltage on 
its winding has reached some value 
less than Em* Driving toward the 
correct frequency, the inertia of the 
mechanical system will carry the 
tuning well into the region where 
the error signal is less than Em* The 
fact that rotational frictional at 
slow speeds is less than static fric¬ 
tion emphasizes this condition. 

It may happen that the mechani¬ 
cal inertia of the gear train actually 
carries the tuning through the cor¬ 
rect value and to a reverse voltage 
greater than Em- This new error 
signal drives the system in the 
other direction and the overrun may 
then be encountered a second time. 
This can result in hunting, where 
the motor oscillates the tuning bade 
and forth around the correct fre¬ 
quency setting. 

The problem of eliminating hunt¬ 
ing will be taken up in a later sec¬ 
tion. The correction response time 
of the motor afc is usually slow due 
to the mass and drag of the me¬ 
chanical linkages. 

Botic Eloctronie AFC 

Using electronic afc, for example 
by varying the reflector voltage of 
a reflex klystron, a residual error 
signal is required to produce a cor¬ 
rection voltage with which the afc 
must operate. This is unlike the 
motor-operated afc in which the 
error signal would go to zero if no 
static frictional forces existed. 
Figure 4 shows a block diagram of 
an electronic afc section. The es¬ 
sential difference between this and 
the previous case is the replacement 
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FIG. 4—A basic slsctronic outomotic Irsqusncy control 


of the motor by a phase-detector 
whose output is coupled directly 
into the reflector circuit of a kly¬ 
stron. Since the reflector is fre¬ 
quency-voltage sensitive, the control 
loop is complete to provide afc 
action. 

As such an electronic afc system 
does not have any mechanical cir¬ 
cuits, it can be treated in the usual 
feedback manner. The terms used 
around the feedback loop in Fig. 4 
are defined as follows: 

* conversion gain of phase de¬ 
tector 


dt/dEt ■■ klyitron reflector frequeiKqr— 
voltage sensitivity 

dK^ldf "• resonator-detector voltage-fre- 
quen(^ sensitivity near reson¬ 
ance (as before) 

iir gain of reflector amplifier 

section 

A/ "> frequency deviation error with¬ 
out afc 

Br feedbaek gain around loop, ex¬ 

cluding amplifier At 

The residual error in the electronic 
afc is the frequency error drift di¬ 
vided by the total loop gain 

«■ I® 

(4) 

Substituting Eq. 4 in Eq. 8 


A/r 


ArOe 


.A/_ 

if dSt 
dBr df 


( 6 ) 


The residual error signal can be 
made smaller by increasing the gain 
around the feedback loop (AJEr)* 


CeMManfiaa Motor mmd llootroalc AK 

The motor and electronic afc sys¬ 
tems have one interesting thing in 
common; neither afc system can 
produce complete error correction. 
The motor system is afflicted with 
frictional trooUes^ and the elec¬ 


tronic system requires some error 
signal to produce afc action. Oper¬ 
ating in combination, however, the 
electronic afc has to handle all 
transient errors greater than the 
maximum frequency error allowed 
by the motor friction given by Eq. 
2. Its long-time error signal will 
be leas than this amount. Conse¬ 
quently, the resulting long-time 
error of the combined systems is 
given by substituting Eq. 2 into 
Eq. 5 


A/«f 

Afmr 


AA (df/dEc) (EjAn) 
“ZsT " idf/dEr) (dEt/df) 

\dBj \ dfj ArG^/ 


Several things are gained when 
the electronic afc system is com¬ 
bined with the motor-operated afc. 
First, the response of the electronic 
system is faster than its mechanical 
counterpart This feature relieves 
the motor of trying to respond to 
transients which it can not handle. 
Second, the quicker action of the 
electronic system acts as an anti¬ 
hunt circuit for the motor afc. If 
the motor inertia carries the cor¬ 
rective tuning past the center fre¬ 
quency, the electronic afc corrects 
this situation by electronic tuning, 
thus wiping out or materially reduc¬ 
ing (by an amount equal to 
-- tkf/AtBr) the reverse error signal 
which the motor winding would 
have otherwise seen. Action such 
as this removes any tendency to 
hunt or oscillate about the center 
frequency, and gives a smoothly 
damped motor operation. Third, 
when the combined system is in 
tune, the output from the phfise 
detector is aero. 


This last condition is most im¬ 
portant in transmitters whose mod¬ 
ulation characteristics are critical 
as to distortion, and the oscillator 
must be operated at the center of a 
mode as dictated by the reflector 
characteristics. Consider a step- 
function frequency disturbance. The 
action of the electronic afc causes 
it to make its best possible correc¬ 
tion as given by Eq. 5. During this 
time the motor has also begun to 
operate, to wipe out the error volt¬ 
age on its winding. As the system 
approaches the correct mechanical 
tuning of the klystron, the error 
voltage is reduced. When the cor¬ 
rection is complete, the output of 
the phase detector goes essentially 
to zero, thereby putting no addi¬ 
tional voltage from electronic afc 
action onto the already existing re¬ 
flector potential. In this way, the 
best modulation characteristics are 
maintained, even under rather 
severe afc hold-in conditions. 

Motor CIrcvit Aatibiiiif Cosfrol 

When the motor-operated afc is 
considered alone, some means of 
reducing the tendency to oscillate 
about the center-frequency must be 
introduced. One of the most satis¬ 
factory methods is to couple an eddy 
current generator to the motor 
shaft, and excite one of its fields at 
the motor frequency. The ampli¬ 
tude of the resulting voltage in its 
output winding will be proportional 
to the speed of the motor, and its 
phase will be either 0 or 180 deg 
with respect to the exciting voltage, 
depending upon the direction of ro¬ 
tation. No slip rings are needed so 
no additional friction forces are 
incurred. 

The eddy-current generator sig¬ 
nal is introduced into the motor 
control circuit in such a way that 
its phase is in opposition to that 
of ^e error signal. When a fre¬ 
quency disturbance occurs, the 
motor operates to reduce the error 
as usual, but some signal of opposite 
phase proportional to the motor 
speed is supplied by the generator 
to reduce the apparent error signal. 
Such a reduction in error voltage 
slows down the motor, which pro- 
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FIG. S—Motor tuning tlmo plottod agoinit 
corroctiTo foodback 


cedure in turn reduces the injected 
antihunt volta^re. 

Should the inertia of the me¬ 
chanical system carry the correction 
too far, and cross the center fre¬ 
quency, the error signal will change 
phase. This condition puts both 
error and antihunt signals in phase, 
and the sum of the two act to brake 
and reverse the direction of rota¬ 
tion. Once this reversal is accom¬ 
plished they are again out of phase, 
because the phase of the generator 
voltage depends upon the direction 
of shaft rotation only, and the anti¬ 
hunt signal is again tending to slow 
down the motor. One important 
point should be noted; the antihunt 
signal becomes less and less as the 
motor slows down when approach¬ 
ing the correct tuning, and it is 
zero when the motor arrives at a 
dead stop. In this latter condition 
the system has its greatest sensi¬ 
tivity. 

The amplitude of the antihunt 
signal plays a large part in deter¬ 
mining the characteristics of the 
motor afc system. In Fig. 6 is 
shown a series of curves for differ¬ 
ent amounts of speed feedback 
voltage. It is possible to go from 
the case of oscillation with no anti¬ 
hunt voltage through a gradual ap¬ 
proach to the condition with no 
overshoot, and beyodd to a point 
using excessive antihunt signal. The 
proper adjustment is somewhere be¬ 
tween the two extremes, depending 
upon the operating requirements 
of the individual equipment. 

Held-ie Tifbfeett 

From Eq. 2 it is apparent that 
the motor error caused by static 
friction varies inversely as the gain 
of the motor amplifier, Am* Figure 
6 illustrates a family of curves 


which show increasing tightness of 
afc control (that is, less frequency 
error) with increasing amplifier 
gain. The section near the center, 
before overloading occurs, is most 
interesting. As the gain increases, 
the motor-error width decreases ac¬ 
cordingly. 

The ability of the system to re¬ 
spond to transient disturbances is 
dependent upon the electronic afc. 
Assuming that a 400-cps motor is 
used, and the same sensing fre¬ 
quency is used for both motor and 
electronic afc, it is apparent that 
the error information is arriving 
into the system at only a 400-cp8 
rate. This relatively slow rate of 
gathering information puts a defi¬ 
nite limit upon the transient re¬ 
sponse of the electronic afc. If at 
least 20 complete information cycles 
are needed for reproducing error 
data of a transient pulse, then the 
transient response that can be 
handled by such a system is in the 
order of 0.1 second, or longer. 

The difficulty in filtering out 400 
cps from the output of the phase 
detector to prevent 400-cps fre¬ 
quency modulation of the klystron 
necessitated a brute-force filter, 
which would preclude attempting 
to raise the transient response when 
using such a low sensing frequency. 
It is entirely possible to use two 
sensing frequencies to overcome 
this trouble, such as 400 cps for 


motor control and 60 kc to 100 kc 
for electronic control, with good 
transient response. 

Motor APC with Antihunt Gonorotor 

The simplest form of afc system 
that has been discussed is one using 
just motor control, with antihunt 
signals supplied by ah eddy-current 
generator. A block diagram of this 
arrangement is shown in Fig. 7. 
The performance to be expected 
from this circuit is given by Eq. 2, 
and the response to transients is 
relatively poor. However, such an 
afc is characterized by extreme 
simplicity, low power drain, com¬ 
pact size, and a wide tuning range. 

The mechanical details are most 
important, such as good linkages 
between the motor shaft and the 
tuning member, stable frequency- 
temperature characteristics of the 
reference resonator, and stable 
resonator-modulator characteristics. 
Some means of reducing the second 
harmonic voltage of the sensing 
frequency is necessary to prevent 
overheating the motor winding with 
a signal that contributes no rota¬ 
tional torque. 

A slightly different type of motor- 
operated afc is possible by coupling 
the motor to a potentiometer which 
in turn varies the reflector voltage 
of the reflex klystron. No mechani¬ 
cal work is done on the klystron, 
consequently less torque is needed 
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from the motor. The frequency con¬ 
trol range of this system is limited, 
however, to the electrical tuning of 
the reflector circuit. Unlike the 
electronic afe, no sensing voltage 
has to be Altered from the reflector 
circuit. 

Motor-Elecfronie Syifom 

The combination of motor and 
electronic afe systems gives more 
flexibility of operation. Figure 8 
shows a block diagram of this com¬ 
bination system. Note that the 
antihunt signals for the motor are 
now amplified in a separate stage 
and fed into the signal amplifier at 
a point beyond where the phase de¬ 
tector signals are picked off. The 
change in antihunt injection is 
necessary to prevent the generator 


voltage from getting into the phase 
detector circuit. 

Several points of caution are 
necessary to observe if this com¬ 
bination afe is to function properly. 
Referring again to Fig. 8, the phase 
of the signal at the motor winding 
should be either 0 or 180 deg with 
respect to the voltage on its fixed 
phase winding. The phase of the 
amplified antihunt signal should be 
180 deg with respect to the signal 
voltage at the point of injection 
into the motor amplifier chain. 
Last, the phase of the signal voltage 
at the secondary winding of the 
pushpuU transformer of the phase 
detector should be either 0 or 180 
deg with respect to the reference 
voltage in the center leg of the 
phase detector. Also, the frequency 


response around the electronic afe 
loop should drop to unity before the 
phase shift has reached 180 deg, 
otherwise the reflector afe will 
oscillate at the frequency where the 
180-deg shift occurs. 

PothbuHoa Seanaiag 

The two systems described ab^ve 
will pull into frequency if the drift¬ 
ing oscillator signal is within the 
.skirts of the reference resonator 
response. However, the oscillator 
may not be within this frequency 
range, especially with a tunable 
reference resonator as used in sig¬ 
nal generator applications. To make 
the motor tune the oscillator with¬ 
out error signal from the resonator, 
a switch or pushbutton arrange¬ 
ment can be used to inject scanning 
voltage into the motor amplifier and 
to disconnect the motor antihunt 
signals during the scanning opera¬ 
tion. 

The simplest method is to allow 
the motor to drive always in the 
same direction during scanning. 
If the resonator is tunable or chan¬ 
nelled, a better method is to connect 
a set of contacts to the frequency- 
shifting mechanism which selects 
the proper phase of the scanning 
voltage for driving in the correct 
direction. Such a scheme will be 
described in more detail in a later 
section. 

Certain applications require that 
the afe system automatically search 
and lock onto the signal if it should 
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not be within the pass-band limits 
of the reference resonator. This 
type of operation is relatively easy 
to accomplish with the afe equip¬ 
ment under discussion. 

Figure 2 shows the output volt¬ 
ages from the resonator-detector 
within the resonant characteristics 
of the cavity. Notice that the sec¬ 
ond harmonic of the sensing modu¬ 
lation frequency peaks at resonance, 
while the fundamental goes to zero. 
It is obvious then that if both the 
fundamental and second harmonic 
frequencies are amplified and recti¬ 
fied, a control bias can be developed 
whenever the carrier lies within the 
resonator limits. Should the car¬ 
rier drop out of the pass band of 
the resonator, no bias will be pro¬ 
duced and scanning can be made 
to commence. An automatic scan¬ 
ning system is shown in block dia¬ 
gram form in Pig. 9. 

First, it is important that the 
d-c bias developed by this rectified 
sensing signal be sufficiently great 
at resonance to cut off the control 
or relay tube with a reasonable mar¬ 
gin of safety. Second, if this bias 
is used to cut off a scanning tube 
(instead of operate a relay tube) 
it must be great enough to elimi¬ 
nate completely all trace of scan¬ 
ning voltage in its output circuit ; 
otherwise the afe system will re¬ 
main slightly off to one side or the 
other of resonance. During scan¬ 
ning, some means to reduce or 
eliminate the speed feedback volt¬ 
age is required. If this reduction 
is not effected the scanning will be 
alow and jerky. 

A more desirable method than 
cutting off a vacuum tube is to use 
the bias voltage to operate a relay 
tube. The relay, when relaxed, al¬ 
lows the generator feedback voltage 
to be applied in the normal manner, 
and when energized it injects scan¬ 
ning voltage into the system instead 
of antihunt voltage from the gen¬ 
erator. 

As mentioned earlier, the phase 
of the scanning voltage can be sel¬ 
ected automatically so that the 
motor will drive in the shortest di¬ 
rection to pick up the signal. A 
pair of contacts operated by the 


resonator tuning or channeling 
mechanism though a clutch will 
work satisfactorily for this phasing 
operation. 

Th« Rel«r«ne« R»toiiafor 

One of the most critical compo¬ 
nents in the entire afe equipment 
is the reference resonator. The 
important characteristics of this 
component are; frequency-tempera¬ 
ture coefficient; stability of sensing 
modulation method; means of cou¬ 
pling to the microwave tube; tun¬ 
ing range or channelling and the 
mechanism required. Each of these 
factors has to be carefully consid¬ 
ered so that the completed resona¬ 
tor unit will have sufficient fre¬ 
quency stability within itself to 
act as the reference for the afe 
system. All of the above-mentioned 
resonator characteristics are 
treated in some detail in another 
paper*. 

Since the type of afe system be¬ 
ing discussed is not a precision 
system,, the required stability of 
the reference resonator is not as 
great as if it were used in a system 
attempting to compete with crystal 
control performance. Nevertheless, 
it is desirable to make the fre¬ 
quency-temperature coefficient of 
the cavity as low as conveniently 
possible. The use of Invar or Nilvmr 
steels will produce a resonator 
whose frequency-temperature coeffi¬ 
cient win be only several parts per 
million per degree Centigrade. 

This aeduracy can be achieved, 


however, only after the certified 
materia] is double checked for 
proper coefficient of thermal expan¬ 
sion, and then making certain that 
the resonator is machined from the 
measured stock. A chemical or 
spectrographic analysis is not 
enough. A piece of the actual mate¬ 
rial to be used must be measured 
for coefficient of thermal expansion. 
All soldering operations must be 
done in an oven and with soft 
solder. After machining and sol¬ 
dering, the piece should be artifi¬ 
cially aged to remove the greater 
part of the material creep which 
would otherwise occur. 

Materials such as plated fused 
quartz. Multiform, or Vycor can be 
used if satisfactory fabrication 
methods are available. Another ap¬ 
proach is to make a temperature- 
compensated resonator from two 
different pure metals, such as cop¬ 
per and molybdenum. Each of these 
metals has a relatively stable co¬ 
efficient of thermal expansion over 
a wide temperature range. By 
proper choice of the geometry of 
the compensated resonator, it can 
be made more stable than an Invar 
resonator. If operation over a wide 
ambient temperature is required, 
some means of temperature control 
for any of the resonators may be 
needed to keep it within frequency 
tolerance. 

The stability of the sensing mod¬ 
ulation method means the ability of 
the modulating device to be dimen¬ 
sionally stable. If a diaphragm or 
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plunger is moved in the resonator 
it will produce tuning, and when 
moved sinusoidally at the modula¬ 
tion rate it provides the sensing 
signal. 

Figure 10 illustrates two modu¬ 
lating methods. It is important that 
the vibrating member always oscil¬ 
late at the same place within the 
cavity, else the center-frequency 
tuning will shift as a result of such 
movement. Usually, if the drifting 
of the mean position of the modulat¬ 
ing member is limited to approxi¬ 
mately one-hundredth of the ampli¬ 
tude of vibration, it will be accurate 
enough for the type of afc systems 
being discussed. 

If the sensing modulation is pro¬ 
duced by an electrical means, such 
as a silicon rectifier in a transmis¬ 
sion line, it is again necessary to 
use a unit whose stability is good 
over long periods of time. Any 
change in the crystal characteristic 
will reflect a reactive component 
into the cavity, thereby causing a 
shift in its resonant frequency. The 
advantage of the crystal rectifier 
type of modulation is that the sens¬ 
ing frequency can be anywhere be¬ 
tween the low audio range and the 
low radio frequency range; the up¬ 
per limit being dependent upon the 
sideband attenuation due to the 
resonator Q. 

Coupling the resonator to the 
microwave source is sometimes a 

problen), since it is necessary that 
the modulated resonator shall not 
pull or react on the oscillator to 
produce a similar modulation on the 
outgoing carrier. Loose coupling 
consistent with suitable energy into 


the resonator is about the average 
condition. It might be desirable to 
add a series impedance between the 
two, to locate the resonator char¬ 
acteristic at a more suitable spot 
on the oscillator's load-power out¬ 
put diagram. 

The tuning range or channelling 
required is entirely dependent upon 
the intended application of the 
equipment. Fixed-station point-to- 
point operation may demand a sin¬ 
gle frequency, or possibly two or 
three, while portable-mobile equip¬ 
ment may need ten to a hundred 
channels. Laboratory apparatus 
usually requires continuous tuning 
over the available frequency band. 
Whichever type of tuning is re¬ 
quired, it is important that the tun¬ 
ing mechanism (the mechanical de¬ 
vice which positions the tuning 
member inside the resonator) be 
given considerable engineering 
thought. 

Schemes are now available 
whereby a resonator can be tuned 
smoothly over a large frequency 
range, or it can be channelled at 
equal frequency intervals. With 
relatively close spacing between 
channels, it is necessary that the 
tuning member have a rather low 
mechanical tuning rate in mega¬ 
cycles per inch to achieve good fre¬ 
quency repeatability. 

Figure 11 shows two methods of 
tuning reentrant type resonators. 
If remote channel selection is de¬ 
sired, the indexing device which 
operates the tuning member should 
not require high angular tolerances 
on the shaft rotation. The design 
should be such that ordinary detent 


tolerances can be used. 

The method of obtaining mechan¬ 
ical and electrical tuning will de¬ 
pend largely upon the type of micro- 
wave oscillator used, such as mag¬ 
netron, klystron, or special triode. 
This discussion is based on kly¬ 
stron oscillators, since all the ex¬ 
perimental work was done with 
such tubes. 

Klystrons like the 2K28, using 
cavities which are external to the 
vacuum section, can employ a sim¬ 
ple paddle or plunger system to 
provide mechanical tuning. De¬ 
signs where the tuning member is 
inside the vacuum or is part of the 
vacuum enclosure, as for example 
the 2K57 for the former and the 
2K41 for the latter, require a some¬ 
what more complicated tuning 
mechanism. Some means of main¬ 
taining a vacuum is needed, and 
bellows or diaphragms are ordi¬ 
narily used. These devices add a 
considerable amount of extra work 
for the motor timing mechanism, 
since producing a tuning motion 
requires that the devices be de¬ 
formed. However, such tuning sys¬ 
tems have been used successfully 
without experiencing detrimental 
effects due to work hardening, pro¬ 
vided the tuning correction mo¬ 
tion of the motor afc is a small frac¬ 
tion of the total available tuning 
travel. 

An important requirement of the 
tuning characteristic of the micro- 
wave tube is that the tuning curve 
does not reverse in slope over the 
range of travel to be covered by the 
afc system. A change in slope of 
this curve is not too serious, since 
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this merely changes the system 
gain, but a reversal of slope would 
mean that the afc would drive away 
from that frequency region. 

Some mechanical tuners use a 
screw thread which actuates the 
tuning member. Upon reaching the 
end of travel, the direction of rota¬ 
tion has to be reversed to repeat 
the tuning cycle. When using mo¬ 
tor afc with this tuning method, 
provision must be made to reverse 
the motor at the end of travel dur¬ 
ing scanning, otherwise the system 
will drive to the end and jam. A 
more suitable method is to use a 
cam to actuate the tuning member. 
The tuning cycle can be repeated by 
just rotating the cam in the same 
direction, and no intricate limit- 
stop reversing switches are neces¬ 
sary. 

The angular tuning rate (mega¬ 
cycles per degree of shaft angle, 
using a cam drive) is quite often 
determined by the total tuning 
range required and the allowable 
physical size of the mechanism. Of 
course, the greater the angular tun¬ 
ing rate the more accurately posi¬ 
tioned the shaft must be for setting 
to a given frequency. Too low a rate 
may make the correction response 
time too long. A compromise be¬ 
tween several factors is usually re¬ 
quired in each individual applica¬ 
tion. 

Motor-Generator Unit 

The choice of the motor-genera¬ 
tor unit depends upon several fac¬ 
tors: sensing frequency; output 
torque required for tuning opera¬ 
tions; physical size; constructional 
details. The sensing frequency is 
determined by the choice of motor 
for other reasons than frequency, 
as motors are available at 60 cps 
or 400 cps. Thereis little difference 
in system performance between 60 
cps and 400 cps, and other factors 
are usually more demanding, such 
as weight, size, and availability. 

The output torque is determined 
by the type of tuner mechanism em¬ 
ployed on the klystron. However, 
most small motors have a reasonable 
amount of torque after going 
through a gear reduction of 1,000 


to 1 or better. The speed of the 
output shaft is directly related to 
the correction response time. There 
should be minimum backlash be¬ 
tween the klystron tuning member 
and the motor shaft. Any backlash 
in the gear train should occur as 
near to the motor shaft as possible, 
and not near the klystron tuning 
member. 

The physical size of the motor- 
generator unit is dictated primarily 
by the required output torque, dutv 
cycle, and the sensing frequency. 
For special applications where light 
weight and compact size are para¬ 
mount, small 400-cps units are 
available. If the generator has to 
be coupled to the motor shaft as a 
separate unit, the overall size may 
be greater than desired. 

The constructional details of the 
motor-generator unit are impor¬ 
tant, since good bearings, good 
alignment and balance, and small 
rotor diameter, all tend to reduce 
the frictional forces which the sig¬ 
nal voltage has to overcome. From 
Eq. 2 (Part I), A/., will be smaller 
if the value of is smaller. Good 
dynamic balance is necessary to pre¬ 
vent damage both to the bearings 
and the alignment by vibration dur¬ 
ing high-speed scanning. To avoid 
warp and twist between the motor 
and the klystron tuner, both should 
bolt solidly to each other. If it is 
necessary to fasten them to a third 
member, the design of this third 
member should be such as to pro¬ 
vide maximum stiffness and rigid¬ 
ity. 

A Procticol Detigs 

During the experimental work on 
afc systems of the t 3 rpe under 
consideration, several laboratory 
models were constructed. One of 
these illustrated is a 8,000-mc signal 
source of 200 to 800 milliwatts 
output, using pushbutton scanning. 

The reentrant type reference 
resonator is made of Invar steel, 
and is tuned by an annular ring that 
moves coaxial^ inside the resonator 
adjacent to the center post section, 
similar to that shown in Fig. 11. 
Three polystyrene rods support this 
tuning ring, and they in turn are 


fastened to a spider on top of the 
resonator. A smooth cam moves 
this spring-loaded spider through 
the tuning range. 

In the sample model the tuning 
range was 100 me, with a total 
travel of about 0.375 inch. A ver¬ 
nier dial with gear reduction was 
used to operate the cam. Connected 
to the dial shaft, between the dial 
and the gearing unit, is a clutch 
plate that operates either of two 
pairs of switch contacts for small 
angular motions of the dial. One 
pair closes with motion in one direc¬ 
tion, the other closes with motion in 
the other direction. These contacts 
are connected to the scanning cir¬ 
cuit, and put the correct phase of 
400-cps voltage into the scanning 
switch so that the motor will scan in 
the direction of frequency shift 
caused when the dial is turned. The 
correct adjustment of the clutch 
spring is such that only one pair of 
contacts is kept closed at all times. 

The resonator is modulated by a 
simple miniature d 3 mamic speaker 
unit, mounted so that its metal dia¬ 
phragm is concentric with and just 
under the bottom section of the res¬ 
onator. A small plunger about A 
inch in diameter and I inch in 
length is connected to the center 
of the diaphragm and protrudes 
through a hole in the bottom of the 
cavity, as shown in Fig. 10. When 
this plunger is vibrated by the dia¬ 
phragm, it cyclically changes the 
distribution of the electric field in 
the resonator gap space, thus pro¬ 
ducing frequency modulation. 

The tuning dial and gear reduc- 
tiun are mounted above the Invar 
resonator, and beneath the panel is 
the dynamic modulator unit. The 
2K41 refiex klystron is mounted hor¬ 
izontally with its tuning cam just 
below the base end. The motor-gen¬ 
erator unit and its gear train are 
under the klystron mount. 

In designing this sample unit, a 
small 400-CP8 motor-generator from 
the Sperry A-12 pilot turn-control 
was chosen because it was compact, 
had a suitable gear train, and de¬ 
livered sufficient torque. A 400-cps 
motor was used because it is easier 
to make an amplifier free from hum 
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pickup at that frequency than at 
60 cps. Any 60-cps pickup in the 
400-cps amplifier is greatly reduced 
by the tuned circuit used to attenu¬ 
ate the second harmonic before it is 
applied to the motor. It is still nec¬ 
essary to keep the amplifier rela¬ 
tively free from hum to prevent 
overloading of the input stages. 

The gear train supplied with the 
motor was modified slightly to allow 
the tuning cam to come out at right 
angles to the motor shaft, as shown. 
The klystron tuner was redesigned 
to permit the tuning lever to be 
operated by a cam. A small roller is 
located at the end of this lever to 
provide free motion over the cam 
surface, especially on the steep 
backside. This tiny roller is just 
visible in the illustration. The 
torque required to move the tuning 
lever over the cam surface is about 
2 ounce-inches. 

The complete block diagram of 
Fig. 8 shows the afc system 


for the entire equipment as given in 
Fig. 12. Triode tubes are used 
throughout. From the input of the 
amplifier (the crystal detector) to 
the motor winding there is a gain 
for small signals of 90 db, and from 
the same input to the phase detector 
there is a gain of 93 db. A tuned 
circuit is used at the input of the 
push-pull motor-amplifier to intro¬ 
duce a 20-db attenuation at 800 cps, 
the second harmonic of the sensing 
frequency. Since the second har¬ 
monic is a maximum when the sys¬ 
tem is exactly in tune with the ref¬ 
erence resonator, it is necessary to 
avoid putting second harmonic 
power into the motor. No rotational 
torque is produced by this fre¬ 
quency, but but it would heat the 
motor and reduce the allowable fun¬ 
damental frequency dissipation, A 
small amount of second harmonic 
energy is desirable at the motor, 
however, since it keeps the rotor jit¬ 
tering slightly and helps to reduce 


the static friction in the bearings. 
In this way the value of E„, is made 
smaller, consequently improving the 
motor error. 

A transformer-coupled stage with 
40-db gain is provided for the anti¬ 
hunt voltage from the eddy-current 
generator. This tube envelope also 
contains a diode which is used to 
rectify some of the signal to operate 
a tuning meter. In automatic scan¬ 
ning systems this diode provides 
the scanning bias, as will be ex¬ 
plained later. Meter indication is 
obtained when the tuning of the 
klystron is within the skirts of the 
resonator. It takes a slight dip when 
the system is correctly in tune. 

The pushbutton scanning switch 
disconnects the antihunt generator, 
and puts scanning voltage into its 
amplifier instead. The phase of this 
scanning voltage is determined by 
the two pairs of contacts operated 
through the clutch on the reference 
resonator tuning shaft. Scanning is 

























488 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 


produced by injectinff the voltagre 
into the last stage of the motor- 
amplifier by way of the feedback 
amplifier circuit. This allows the 
remainder of the circuits to respond 
to the resonator-detector signal as 
soon as the system drives within 
frequency range. When the tuning 
meter shows a reading, the scanning 
button can be released and the sys¬ 
tem will pull in of its own accord. 

The motor-amplifier output stage 
is push-pull connected to avoid d-c 
saturation of the transformer core. 
Signal voltage for the second grid 
is obtained from the output winding 
of the transformer. The 6SN7 tube 
supplies a maximum of one watt to 
the motor control winding. 

Transformers in the phase 
detector circuit are insulated at the 
secondary to withstand 1,500 volts 
d-c working voltage. This is neces¬ 
sary since the reflector potential of 
klystrons is negative with respect 
to ground by a rather high value. 
An electrostatic shield between the 
core and the pushpull output wind¬ 
ing is desirable to distribute the 
capacitances equally to ground. The 
center-leg transformer supplies the 
reference voltage directly from the 
400-cps line. 

Small crystal diodes (a 1N35 bal¬ 
anced pair) are used as rectifiers in 
the phase detector. Vacuum tubes 
could be used equally well, except 
that isolating heaters at high nega¬ 
tive voltages is not always conven¬ 
ient A brute-force capacitance 
filter is used to reduce any 400-cps 
voltage which might get onto the 
reflector. In this unit an impedance 
was provided in the reflector circuit 


across which external modulation 
could be applied to the reflector. A 
switch is connected across the out¬ 
put of the phase detector for turn¬ 
ing off the electronic afc system, 
but it does not affect the external 
modulation circuit. 

Since rather high value resistors 
are used in the reflector circuit, it is 
advisable to have some means of 
preventing the reflector from draw¬ 
ing excessive current should the 
reflector voltage momentarily go 
positive. The simplest method is to 
connect a 0.25-watt neon bulb across 
the output of the phase detector. A 
more desirable way is to use a di¬ 
ode between the reflector and the 
cathode of the klystron. Any ten¬ 
dency of the reflector to go positive 
with respect to the cathode is pre¬ 
vented immediately by conduction 
of the diode. 

Six Cheneelt wifli Aetomatlc Seen 

Another experimental model had 
six channels spaced 80 me apart at 
3,000 me and incorporated the auto¬ 
matic scanning feature. It used a 
cutoff tube to control the scanning, 
but a more satisfactory method is 
to use a relay tube to perform the 
scanning function similar to the 
pushbutton system just described. 

The reference cavity, method of 
modulation, klystron tuning mech¬ 
anism, and control amplifier were 
essentially the same as the previous 
unit. The only major changes are 
in the resonator tuning cam and the 
scanning control means. The special 
cam is made in six steps, each step 
at a constant radius for the particu¬ 
lar channel. This type of construc¬ 


tion does not require close angular 
tolerances when changing channels, 
and ordinary switch-type detent 
mechanisms can be used. It may be 
necessary to couple a wafer switch 
to the cam shaft, so that a correc¬ 
tion in the d-c reflector voltage can 
be made at each channel to peak the 
power output. 

The diode previously used to pro¬ 
vide signal for the tuning meter is 
now also used to bias the relay tube 
to cutoff. During scanning no sig¬ 
nal is in the control amplifier, and 
hence no bias is developed by the 
diode. As the klystron frequency 
gets within the resonant skirts of 
the cavity, bias is developed and the 
relay shifts to the afc position and 
the system takes hold. With this 
type of control it is most important 
that the second harmonic signal 
alone provide enough bias voltage to 
keep the relay in the afc position. 

For unattended operation, it is 
desirable to select a relay which is 
hermetically sealed. An unsealed 
relay can accumulate dirt and dust 
on the contacts, and fail to operate 
in low-voltage, low-current circuits. 
It is also desirable to have the relay 
relaxed, not energized, during nor¬ 
mal afc operation. This latter con¬ 
dition automatically occurs in this 
circuit since the bias voltage cuts 
off the relay tube except when scan¬ 
ning. 

Reference 

(1) It. V. Pound, Blectronie Frequency 
StahlliuiHon of Microwave OorillntnrH. Urv. 
SrI. hiHtr., p 400. Nov. 1040. 

(2) F. A. Jenks, Sparry Report B225-1068. 
Dealtt Conaldaratlomi of Baantraiit Type 
Predelon Beeonatore for AFC (n»p«»> 
llahed). 
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Impedance Measurements at VHF 

A slotted line, used in conjunction with a variable-reactance line that balances out reac¬ 
tive impedances, is readily adapted to measurements of impedance, antenna phasing, and 
directivity comparisons. Equipment for unbalanced and balanced loads are described 


R adio-frequency measurement 
in the two lower television 
and frequency-modulation bands 
cannot be conveniently made 
using the equipment and techniques 
of either the lower-frequency bands 
or the microwave region. However, 
in this region from 44 to 216 mega¬ 
cycles the slotted transmission line 
is a simple device for measuring 
impedances, especially if it is used 
somewhat differently than it is nor¬ 
mally used in the microwave region. 

Aeenrocy of Sfondiiig Wavo 
Mootoromoiift * 

A slotted line is most accurate 
when used in measuring imped¬ 
ances that are of the same order of 
magnitude as the characteristic im¬ 
pedance of the line itself. For im¬ 
pedances greatly different from that 
of the line, the attenuation of the 
transmission line, if any, connect¬ 
ing the slotted line to the imped¬ 
ance being measured comes into the 
picture. This nece.ssitates cumber¬ 
some corrections. Fortunately, at 
these frequencies coaxial cable is 
available that has sufficiently low 
attenuation so that several feet of 
it can be connected between the 
slotted line and the unknown im¬ 
pedance without necessitating cor¬ 
rection for impedances that cause 
standing-wave ratios (swr) up 
to 15 to one, and still give reason¬ 
able accuracy. 

Attenuation in the slotted line it¬ 
self also causes errors in measure¬ 
ment. These errors normally ap¬ 
pear as errors in the measured 
Bwr and in the position of a volt¬ 
age or current minimum as meas¬ 
ured with respect to some refer¬ 
ence point, such as the point at 
which the unknown impedance is 
connected, A small percentage error 
in determining the position of the 


By E. G. HILLS 

minimum can cause an extremely 
high percentage error in the meas¬ 
ured impedance for impedances 
causing high swr on the measur¬ 
ing line. 

As an example, if an impedance 
of 100 -f jSOO ohms is to be meas¬ 
ured on a 50-ohm slotted line, a 2- 
percent error in swr can give a 
10-percent error in resistance and 
a 3-percent error in reactance. An 
error of 2 percent of a half wave¬ 
length in determining the position 
of a voltage or current minimum, 
however, can cause a 160-percent 
error in resistance and a 43-percent 
error in reactance. 

Impedanet Meataring Egulpmenf 

Figure 1 shows an equipment ar¬ 
rangement for measuring imped¬ 
ance by means of two swr meas¬ 
urements and no position measure¬ 
ment. A sleeve is placed around the 
coaxial cable connecting the un¬ 
known impedance to the slotted line. 
The distance from the load end of 
this sleeve to the point where it 


is shorted to the outside of the co¬ 
axial cable is movable by means of 
a sliding plunger. This sleeve 
forms the outside conductor of a 
second coaxial line, which has as its 
inner conductor the outside conduc¬ 
tor of the coaxial line leading from 
the load to the slotted line. This 
second larger coaxial line is shorted 
by the plunger at one end and has 
its other end connected in series 
with the outer conductor of the co¬ 
axial line leading to the slotted line 
and the unknown impedance. By 
varying the position of the sliding 
plunger the reactance introduced by 
the shorted line can be varied 
through all values both positive and 
negative, limited only by the Q of 
the line. 

By sliding the plunger until the 
minimum swr is obtained, the re¬ 
actance of the unknown impedance 
will be tuned out. The swr with 
this tuning then indicates the re¬ 
sistive component of the unknown 
impedance by itself. The value of 
this resistance is the characteris- 
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tic impedance of the slotted line 
either multiplied or divided by the 
swr, depending upon whether the 
resistive component of the unknown 
impedance is larger or smaller 
than the characteristic impedance 
of the slotted line. 

Ckeckiag Cpndltiont 

To check which of these two con¬ 
ditions exists, it is only necessary 
to short-circuit the inner coaxial 
cable at the load and note the posi¬ 
tion of the minimum on the slotted 
line. If the position is the same as 
it was before the short was made 
but after the plunger had been ad¬ 
justed for minimum standing wave 
ratio, the resistance of the load is 
on the same side of the characteris¬ 
tic impedance of the slotted line 
that a short circuit is, namely lower, 
so that a division must be per¬ 
formed to get the value of the re¬ 
sistance. If the minimum with the 
short-circuit in place is 90 degrees 
away, the resistance is higher than 
the characteristic impedance of the 
line and a multiplication must be 
performed to obtain the value of 
the resistance. 

RpdpctioB of Data 

In order to get the reactance, it 
is necessary to refer to one of the 
various transmission line charts, 
such as the Smith chart, which are 
plotted in a variety of handbooks 
and periodicals. Although these 
charts appear in several different 
forms and look quite different they 
are just different conformal trans¬ 
formations of the same relation¬ 
ships between voltages and currents 
at different points of a transmis¬ 
sion line, and contain the same in¬ 
formation. 

Figure 2 shows a form of trans¬ 
mission line chart in which the hor¬ 
izontal axis represents resistance 
and the vertical axis represents re¬ 
actance. The two circles shown 
represent points of constant swr 
which degenerate into a point at 
Zo when the swr ratio is unity. 

In the measurement just de¬ 
scribed, the smaller circle corre¬ 
sponds to the swr measured with 
the reactance of the unknown 
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tuned out. One of the two points at 
which this circle crosses the real 
axis represents the resistive com¬ 
ponent of the unknown impedance. 
By projecting vertically upward or 
downward from this point until the 
larger circle, which corresponds to 
the swr of the unknown imped¬ 
ance with its reactance not tuned 
out, is reached, the point on the 
complex plane representing the un¬ 
known impedance is obtained. The 
vertical distance from the real axis 
gives the reactance of the unknown. 

As there is a question as to 
whether to go upward or down¬ 
ward, or what is the same thing, 
whether the sign of the unknown 
reactance is positive or negative, 
the rough position of the plunger 
must be noted. If this plunger is 
less than a quarter wavelength from 
the load end of its line an inductive 
reactance is being used to tune out 
the reactance of the unknown, so 
the unknown reactance must be 
negative. If the plunger is more 
than a quarter wave but less than 
a half wave from the open end, the 
unknown reactance is positive. For 
making this check on sign as well as 
for other uses of this variable- 
length coaxial line, it is convenient 
to place callibration marks along 
the line, labeling the frequencies at 
which different plunger positions 
are a quarter wavelength from the 
end of the line. 

Saqaanea of Moasaromoaf 

Summarizing the above, the pro¬ 
cedure to follow in a measurement 
is to: 


(1) Short-circuit the variable- 
length transmission line and meas¬ 
ure the swr of the unknown. 

(2) Also short-circuit the un¬ 
known and find the position of a 
minimum on the slotted line. 

(3) Remove both of the above 
short circuits and adjust the 
plunger until the minimum of the 
slotted line is either at the same 
point as it was in step 2, or if this 
is impossible, until it is 90 degrees 
away on the slotted line. In the 
latter case there will be two posi¬ 
tions of the plunger that will give 
a minimum. One of these two mini- 
mums is much lower than the other 
and occurs with the plunger at a 
quart(’r wave point, at which posi¬ 
tion it is throwing a parallel reso¬ 
nant circuit in series with the un¬ 
known, essentially open-circuiting 
it. The other plunger position giv¬ 
ing a minimum should be used. 

(4) Take the standing wave 
ratio. 

(5) Determine the resistive com¬ 
ponent of the unknown, which is 
the characteristic impedance of the 
slotted line either multiplied or di¬ 
vided by the standing wave ratio 
('f step 4 depending upon the po¬ 
sition of the minimum of step 3. 

(6) Determine the reactance of 
the unknown from a transmission 
line chart, using the knowledge of 
the resistive component and swr 
of the unknown impedance, or de¬ 
termine it from the formula of Fig. 
2 which is derived from the geom¬ 
etry of the circle diagram. 

(7) Note the sign of the reac¬ 
tance from the position of the 
plunger in step 8. 

Maaiarlaq ialaacad ImiMdaRcat 

The equipment arrangement as 
shown in Fig. 1 can be used only 
for measuring the impedance of un¬ 
balanced circuits, that is, circuits 
in which one side is grounded or 
can be grounded without disturbing 
the impedance of the unknown. If 
a balanced antenna, the impedance 
of which is to be measured, can be 
cut in two and half of it mounted 
above a ground plane as in Fig. 8A, 
the impedance as measured with 
the equipment arrangement shown 
will be half the impedance of the 
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FIG. 3—The method of Fig. 1 can be used 
to meaiure unbalanced antennas by feed¬ 
ing energy to the system by radiation to 
the antenna (A). Balanced impedances con 
be measured using a double-section vari- 
oble reactance line (B) 

balanced antenna in both its re¬ 
sistive and reactive components. 

An arrangement as shown in 
Fig, 3B could, of course, be used 
directly to measure balanced im¬ 
pedances. 

Figure 4 shows a variable reac¬ 
tance that has been used very suc¬ 
cessfully for impedance measure¬ 
ments. It is constructed of two con¬ 
centric brass tubes with a variable- 
position plunger short-circuiting 
the two together. A piece of coaxial 
cable is run through the center 
tube and its braid is soldered to 
this tube at the open end of the 
large coaxial line so formed. The 
length of the variable reactance 


must be at least a half wavelength 
at the lowest frequency at which 
it is to be used. 

Another method of measuring 
balanced impedances, which re¬ 
quires no expensive special equip¬ 
ment and which gives quite accu¬ 
rate results, consists of stretching 
tautly a piece of 300-ohm parallel 
line between the impedance to be 
measured and a line balancer which 
may be one of the variable reac¬ 
tances of Fig. 4 with the plunger set 
at a point 90 degrees from the open 
end, and moving a pickup probe 
along the parallel line in order to 
measure swr. 

Figure 5 shows a pickup probe 
fastened to the end of a second line 
balancer. If the signal generator 
used is not balanced and is not 
connected to the parallel line 
through a balancer, or if the pickup 
probe is not balanced, the results 
obtained will be so erratic as to be 
useless. Available polyethylene ex¬ 
truded parallel line seems to be suffi¬ 
ciently uniform along short lengths 
and to have sufficiently low losses 
and radiation up to 216 megacycles 
to give good results when imped¬ 
ance is computed from a measured 
swr and a measured minimum 
position. 

Impedance measurements using 
either the two swr measurement 
with an unbalanced unknown or 
the 300-ohm parallel line with a 
balanced unknown can be made to 
an accuracy of 15 percent in both 
resistance and reactance for swr 
up to ten to one, and more accu¬ 
rately for lower swr. 

The design and adjustment of 
antenna arrays can be facilitated 


immeasurably if suitable phase 
measuring equipment is available. 
A system for measuring phase in 
the 44-216 me region, an adaptation 
of a method used at lower frequen¬ 
cies for a long timeS is illustrated 
by the equipment arrangement of 
Fig. 6. This method uses the prin¬ 
ciple that the only variation be¬ 
tween signals taken from various 
points of a slotted line perfectly 
matched to a load is one of phase, 
and that phase change is linear 
with distance as measured along 
the line. 

In this system the output of a 
signal generator is connected to 
both a slotted line and the device 
under test, such as the antenna ar¬ 
ray. The slotted line is terminated 
in a matched resistance so that the 
amplitude of current along the line 
is constant. A sampling probe at 
the end of a balancer, similar to 
that described for measuring swr 
on the open parallel line, is con¬ 
nected through an attenuator to the 
sliding pickup of the slotted line. 

A receiver is also connected 
through a flexible coaxial line to 
this same slotted line pickup probe 
in such a way that the receiver 
input is the sum of the signals ex¬ 
tracted from the slotted line and 
brought into the sliding probe from 
the sampling probe. Because of this 
connection, the attenuator can be 
adjusted so that the signal sam¬ 
pled from, say, a dipole in the ar¬ 
ray under test is of the same ampli¬ 
tude as that removed from the slot¬ 
ted line. The position of the slide 
on the slotted line can be adjusted 
so that the phase of the signal from 
the slotted line is such that cancel- 
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lation of the signal from the an¬ 
tenna dipole under test occurs. 

If the balanced probe is then 
moved so as to sample energy from 
a different dipole and the position 
of the sliding probe is moved to 
that now required for cancellation, 
the amount it is oaoved along the 
slotted line gives the phase differ¬ 
ence between the two dipoles. From 
a knowledge of the wavelength in 
the slotted line this difference can 
be expressed in degrees. 

With this equipment arrange¬ 
ment, a minimum point is found 
along the slotted line every wave¬ 
length rather than every half wave¬ 
length, as in the case in swr meas¬ 
urements. This difference does not 
mean, however, that the slotted line 


has to be twice as long because the 
sampling probe can be rotated 180 
degrees if the minimum tends to 
fall out of range of the slotted line. 

The accuracy with which phase 
can be measured by this method de¬ 
pends largely upon how good the 
slotted line is and how well it is 
terminated. A slight rotation of 
the sampling probe is of no impor¬ 
tance as it does not normally change 
the phase, but only the amplitude 
of the picked up signal. An accu¬ 
racy of measurement of between 
=!= 3 and =£= 5 degrees has been con¬ 
sistently obtained over the 44 to 216 
megacycle range. 

There are many different man¬ 
ners in which antenna gain (direc- 
tivity> has been measured**. Re¬ 


sults of such measurements can be 
expressed in terms of the directivity 
of a half-wave dipole or an isotropic 
(completely nondirectional) radia¬ 
tor. The latter is used in express¬ 
ing absolute gain of antenna ar¬ 
rays. The gain of a half-wave di¬ 
pole over an isotropic radiator is 
2.15 db along the centers of its 
major lobes. 

Figure 7 illustrates an arrange¬ 
ment of equipment for measuring 
the gain of an antenna over that of 
a half-wave dipole quite accurately 
and simply. In this arrangement a 
signal generator is connected 
through a slotted line and a line 
balancer to the antenna under test. 
A signal is radiated from this an¬ 
tenna to a receiving antenna which 
is connected through a balancer to 
a receiver. 

It is necessary that both antennas 
be balanced carefully in order to be 
sure that no currents flow on the 
outsides of the coaxial lines leading 
to the signal generator and receiver. 
If currents do flow on these lines, 
they will radiate from line to line 
or from line to antenna and make 
the readings meaningless. 

It is also necessary that the sig¬ 
nal generator have an output im¬ 
pedance equal to the characteristic 
impedance of the slotted line, as 
will become apparent later. Be¬ 
cause most signal generators have 
low output impedances, it may be 
necessary to connect a resistance in 
series with the generator output or 
otherwise modify the generator to 
obtain the required output. 

With the equipment arranged as 
described, the signal generator at¬ 
tenuator should be set to such a 
value that a convenient output from 
the receiver is obtained. The an¬ 
tenna under test is then replaced 
with a half-wave dipole, not neces¬ 
sarily of the same impedance as the 
antenna under test or even a known 
impedance. The signal generator 
attenuator must then be reset until 
the receiver output becomes the 
same as it was when the antenna 
being tested was in use. The db 
difference between the two attenua¬ 
tor settings gives the antenna gain 
over a half-wave dipole, if the two 
antennas had exactly the same ntis- 
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ohmmeter in its simplicity of oper¬ 
ation. At present when a change 
is made in, say, a television an¬ 
tenna, it may be necessary to meas¬ 
ure its impedance over the entire 
frequency range 44 to 216 mega¬ 
cycles to determine if the change 
is desirable. This measurement is 
obviously a time-consuming proce¬ 
dure. 

In the setting up of a new devel¬ 
opment program there is always 
the problem of what fraction of the 
available time should be spent in 
constructing test equipment and 
what fraction of the time spent us¬ 
ing it. The best solution to this 
problem as applied to antenna de¬ 
velopment may eventually result in 
much more convenient methods of 
impedance measurement. Increased 
accuracy is, of course, always to 
be desired. 
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matches to the slotted line. The 
swr of the two antennas can then 
be measured and the ratio of the 
power transmission coefficients com¬ 
puted from the two sw values. 
The absolute gain of the antenna 
under test can then be computed as 
the sum of 2.15 db, the difference of 
signal generator attenuator set¬ 
tings in db and the ratio of power 
transmission coefficients of the two 
antennas expressed in db. Figure 
7 gives the formula for this last 
quantity in terms of the two meas¬ 
ured swr. 

The measuring methods herein 
described lend themselves quite well 
to quick changes of frequency, 
even over several octaves, as is de¬ 
sirable for broad-band antenna 
work. The accuracy seems suffi¬ 
ciently good for most engineering 
purposes. There is still an ever 
increasing need for a piece of high- 
frequency impedance measuring ap¬ 
paratus that approximates the 
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UHF Impedance Measurements 

By measuring standing waves on transmission lines, the terminating impedance can be 
determined. Low-power equipment can be used if the measuring probes have high im¬ 
pedance. Resonance and loose coupling are used to obtain high-impedance probes 

By N. MARCHAND aad R. CHAPMAN 


M easurement of impedances at 
ultrahigh frequencies by the 
standing-wave method is well 
known. The majority of these meas¬ 
urements are made on power equip¬ 
ment where the energy consumed 
by the measuring device does not 
disturb the system. 

When the power available begins 
to approach the power consumed by 
the measuring device, conventional 
equipment begins to decrease in ac¬ 
curacy until a point is reached 
where the measurements are mean¬ 
ingless. All types of receiving ap¬ 
paratus and receiving antennas fall 
in this latter group. Measuring the 
impedance of these devices calls for 
a new type of equipment. 

Improved Eqoipmonf 

The equipment described in this 
article is primarily a high-imped¬ 
ance voltage-reading device usable 
at frequencies from 150 to 
1000 megacycles. The average ac¬ 
curacy of these measurements is in 
the order of 10 percent, although 
accuracies of five percent are pos¬ 
sible under optimum conditions. 

An oscillator is used to excite a 
transmission line of known imped¬ 
ance. The unknown impedance is 
used to terminate the standard line. 
The standing-wave ratio and the po¬ 
sitions of several nulls on the line 
are noted with theraid of a high-iih- 
pedance probe coupled to the input 
of a receiver. A reference point for 
calculating the phase angle of the 
load is established by shorting the 
standard line at the termination. 

Although designed primarily for 
the impedance measuring equip¬ 
ment, the high impedance probes 
were found useable for several 
other interesting applications. Volt¬ 
age distribution and balance were 
accurately checked on dipoles, folded 


dipoles, loops and various other as¬ 
semblies. 

The standard lines in use are a 
50-ohm coaxial line, and a 95-ohm 
balanced line. The coaxial line is 
slotted along its length to permit 
insertion of the probe. The bal¬ 
anced system is equipped with a 
mechanical means of marking nulls. 
The same system of indicating nulls 
could be applied to the coaxial sys¬ 
tem, but in the coaxial case it was 
found relatively easy to measure the 
nulls directly with a meter stick. 
The standard lines are shown in 
Fig. 1 and in several photographs. 

Generator and Receiver 

The signal source may be any 
stable, well-shielded oscillator which 
covers the necessary range. The fre¬ 
quency calibration is not important 
as the frequency may be measured 
experimentally on the standard line, 


but an accurate, easily-read attenu¬ 
ator is essential. A single-ended 
output on the generator is desir¬ 
able; for making coaxial measure¬ 
ments it is necessary. 

In making measurements with 
the balanced system it is best to 
rely on an unbalance-to-balance 
converter to properly excite the 
lines, even though a generator with 
a so-called balanced output is avail¬ 
able. 

If a balance box (balance-to-un- 
balance converter, essentially a de¬ 
vice for transferring from a co¬ 
axial system to a balanced system) 
is used when exciting any type of 
balanced system, the balance to 
ground will be preserved. This is 
generally safer than relying on the 
balance of the output of the gener¬ 
ator, especially where accurate 
measurements are being made. De¬ 
sign data and general characteris- 
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FIG. 2—(o) Bcdonc^d u-h-i probe conetnictlon proTidei a moToble ehorting bcor 
and a pickup loop osiembled iniide o shield, (b) Cooxial probe is similorly 
constructed, with shorting disk and pickup loop Inside the outer conductor oi 

the probe 


ties of this type of converter have 
already been discussed and an¬ 
alyzed. 

The receiver, like the oscillator, 
may be any model which will cover 
the desired range. Similarly, it 
must be well shielded. It should con¬ 
tain a diode-type output meter. This 
meter need have no special calibra¬ 
tion as it is used only for indicating 
nulls. 

High Impodonee Probss 

The probe which is connected to 
the receiver input is the critical 
part of the system. It must be an 
easily tuned, high-impedance device 
which will consume negligible 
power from the standard line. Two 
types are used. For the low-fre¬ 
quency range (150 to 350 mega¬ 
cycles) standard LC tuning is em¬ 
ployed. In the high-frequency 
ranges (350 to 1000 megacycles) 
coaxial and balanced lines are tuned 
by means of sliding shorts. 

The greater the characteristic 
impedance of the shorted quarter- 
wavelength line section of the probe, 
the less critical the tuning becomes. 
When the line is tuned to exactly 
one-quarter of a wavelength, the 
impedance is i-eal and very high. As 
long as the input impedance of the 
probe remains in the order of 
twenty-five times the impedance of 
the standard line it will produce no 
detrimental effects (for standing 
wave ratios of five or less). This 
means that the characteristic im¬ 
pedance of the probe will determine 
the ease with which it may be 
tuned, as indicated by the relation 
Z jZo tan (2nl/}<). This, and the 
obvious mechanical limitations, set 
the value of the characteristic im¬ 
pedance of a practical probe at 100 
ohms. 

Output from the probe is ob¬ 
tained by loosely coupling to the 
high-current end of the quarter- 
wavelength section with a loop con¬ 
nected to a coaxial line. 

Loose coupling is necessary for 
several reasons: 

The probe can consume only a 
small amount of power from the 
standard line. The amount of power 
being consumed can be adjusted 


by varying the coupling to the re¬ 
ceiver. The coupling can be ad¬ 
justed by varying the pickup-coil 
ductor, or its orientation with re¬ 
spect to the center conductor. The 
lowest value of coupling which will 
give a suitable reading on the re¬ 
ceiver output meter is used. 

Of secondary importance is the 
unbalance which the pickup loop 
introduces into the system. Each 
side of this loop presents a differ¬ 
ent impedance to ground. This 
lack of symmetry, if the coupling 
becomes excessive, will unbalance 
the tuned section. Consequently the 
balanced line begins to look like a 
coaxial line. The two lines look like 
the inner conductor, in conjunction 
with the shield, of a coaxial line. 
This produces several effects. As 
shield currents begin to flow, a 
solid connection to the standard¬ 
line shield from the probe shield be¬ 
comes essential to prevent detuning. 
When this connection does not exist, 
the circuit is completed by capaci¬ 
tance between the probe shield and 
the standard line. As the unbal- 
pacitance is being constantly 
changed by the position of the oper¬ 
ator, it is impossible to take an ac¬ 
curate reading. 


Another effect of coupling is upon 
the standard line. As the unbal¬ 
ance increases, the two central con¬ 
ductors look increasingly like a sin¬ 
gle line, and introduce unbalance 
errors in the measurements. 

In the event that extremely close 
coupling is necessary, the unbalanc¬ 
ing effect of the loop may be re¬ 
moved by installing a balanced-to- 
unbalanced converter loop as a 
pickup. This type of pickup pre¬ 
sents the same impedance to ground 
from either side of the line. 

When the probe is used in eon* 
junction with a sensitive receiver, 
the coupling may be maintained at 
a value small enough to avoid any of 
the previously mentioned effects. 

CoRftrucllon 

The size of the coupling loop is 
such that it will resonate at approx¬ 
imately 2000 megacycles. This elim¬ 
inates sharp changes in sensitivity 
over the range of the probe. 

The tuning short of the probe is 
controlled by a knurled setscrew, 
which is used to lock and adjust it. 
This setscrew is an integral part of 
the block upon which the output 
plug and pickup loop are mounted. 
The pickup loop moves with the 
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short, and is always at the low-cur- 
rent end of the dual line. 

The balanced probe illustrated in 
Fig. 2(a) is basically a dual line 
with a shield. A short, controlled 
from outside the shield, may be 
used to tune this line to one-quarter 
of a wavelength between 350 and 
1000 megacycles. 

The probe used on the 150 to 350 
megacycles portion of the range 
consists of a length of balanced line 
tuned with a variable capacitor as 
shown in Fig. 3(a). An adjustable 
short is shunted across the line to 
permit the probe to be used on sev¬ 
eral ranges with a low tuning ca¬ 
pacitance. 

The coaxial probe is similar to the 
balanced probe in most respects. It 
consists of a single conductor, a 
shield, and a short controlled from 
outside the shield for tuning as 
shown in Fig. 2(b). Energy is 
removed by means of a pickup loop 
mounted directly under the short. 
The major axis of the pickup is on 
the shield diameter. The 150-to-350 
megacycle coaxial probe is capacitor 
tuned as illustrated in Fig. 3(b}. 


Meosaring Proeedart 

When making measurements, the 
standard line is shorted at the point 
where the unknown impedance is 
to be placed. The oscillator is fed 
into the standard line. The re¬ 
ceiver-input cable is connected to an 
auxiliary pickup. This may be any 
device which can be used to couple 
loosely to the standard line. The 
best position is approximately half¬ 
way between points of maximum 
and minimum pickup. 

With the auxiliary pickup in this 
position, any disturbance on the line 
will produce a deflection on the re¬ 
ceiver-output meter. The probe may 
now be tuned by sliding it along the 
standard line and adjusting the 
short until no visible deflection is 
produced on the receiver-output 
meter. When this condition is 
reached the probe is tuned to one- 
quarter wavelength and presents a 
high impedance to the standard 
line. The auxiliary pickup is now 
replaced with the probe. 



FIG. 3—For oporation at v-h-i. capocitor-tuning oupplomonts the shorting-bor 
tuning used at u-h*i as in (a) the balanced probe ond (b) the cooxial probe 


With the short in place, the probe 
is used to determine the positions 
of several nulls. 

If the receiver and oscillator are 
well shielded, the ratio of maxi- 
mums to minimums should be ex¬ 
tremely high. At the minimum, the 
voltage should be zero. If this is 
not the case, there is direct pickup 
between oscillator and receiver. 

One of the ways of minimizing 
direct pickup is to run the oscillator 
at the lowest level consistent with 
accurate readings. Direct pickup 
has no effect on the positions of the 
nulls, except to make them less pro¬ 
nounced, but causes a serious dis¬ 
crepancy in the measurement of the 
ratio of voltage maximum to volt¬ 
age minimum. 

After several nulls have been lo¬ 
cated the frequency may be calcu¬ 
lated. These same nulls are used as 
reference points for measuring the 
unknown impedance. The short is 
removed and the unknown imped¬ 
ance is placed at the end of the line. 
The positions of the new nulls are 
noted. The relation of the null ob¬ 
tained when the line was shorted to 
the latter null is noted. It is also 
necessary to note whether the first 
null, obtained when the line was 
shorted, is toward the generator or 
toward the load in relation to the 
null obtained with the line termin¬ 
ated in the unknown impedance. It 
may be measured in either direc¬ 


tion as long as the direction is 
noted. 

The last piece of information 
necessary is the standing-wave 
ratio. With the short removed, the 
probe is placed at a minimum. The 
signal-generator attenuator setting 
and the receiver output meter read¬ 
ing are noted. The probe is moved 
to a maximum. The signal-gener¬ 
ator attenuator is adjusted until 
the receiver output meter returns 
to its former reading. The signal- 
generator attenuator reading is 
again noted. The standing-wave 
ratio is equal to the maximum sig¬ 
nal-generator attenuator reading 
over the minimum attenuator read¬ 
ing. From the information obtained 
about the frequency, the null shift 
and the standing wave ratio, the 
characteristics of the load may be 
calculated.*' ” 

When making measurements with 
the coaxial system the balance box 
is not used in feeding the transmis¬ 
sion line. This is the only physical 
difference between the two systems. 
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Comparator for Coaxial Line Adjustments 

High-frequency line impedance measurements in laboratory or field can be simplified by 
this compact comparison instrument that essentially replaces the slotted coaxial line and 
sUding-probe voltmeter technique for checking match or determining standing-wave 

ratio and reactive component 


I N matching a load with several 
adjustable elements, such as an 
antenna array, to coaxial transmis¬ 
sion lines the process may prove to 
be tedious using the conventional 
slotted line and probe indicator. At 
low frequencies such lines become 
long and inconvenient to construct. 

The simple instrument illustrated 
in Fig. 1 is a comparator consisting 
of a coaxial T-junction with a cur¬ 
rent pickup loop symmetrically 
placed to couple magnetically to the 
center of the junction. The T-junc- 
tion joins the generator, the load 
whose characteristics are to be ob- 
tained, and a line terminated with 
a resistance or reactance equal to 
its characteristic impedance. 

Electrostatic shielding between 
the coaxial lines and the loop is 
provided by a number of slots cut 
in each of the three lines near the 
center of the junction. The loop 
may be rotated in the plane of the 
junction to assume the various posi¬ 
tions shown in Fig. 2. The output 


By O.M. WOODWARD, Jr. 

of the loop is fed to an indicator. 

Referring to Fig. 3 the three lines 
have a common voltage E at the 
center of the T-junction. Hence the 
impedance of the load line at the 
junction L is 

Zl « 'e/U ( 1 ) 

Since the opposite line is matched, 
Z. - B/lc (2) 

and 

7l - 7. (3) 

The impedance at a voltage min¬ 
imum is a pure re.sistance equal to 
the product of the standing-wave 
ratio P and the characteristic im¬ 
pedance Zc of the line, where P is 
taken to be the ratio of the mini¬ 
mum voltage to the maximum 
voltage. 

By means of the usual impedance 
transfer equation the impedance 
may be determined in terms of the 
resistance at a voltage minimum X 
located a distance of p electrical 


degrees on the load line. 


y ^ ZcjZeiAu p 

* Zc 4* j PZ« tan p "" (4j 

Combining Eq. 3 and 4 



1 -f 3 P tan p \ 
P -f j Un p / 


(5) 


With the loop in position D (Fig. 
2) parallel to the load and matched 
lines, a voltage will be induced in 
the loop producing a current l*j pro¬ 
portional to the vector difference of 
the load and matched line currents. 


h> - r {Yl - 7.) - 


(n.) 
(tL) 


/ 1 4- 3 P tan p _ \ ^ 
V P 4* j tan p V ' 
(1 - P) (1 - 3 tan p) 
(P 4- j tan p) 


( 6 ) 


where T is a proportionality con¬ 
stant depending upon the fre¬ 
quency, physical dimensions of the 
comparator components, and the 
input impedance of the receiver. 

After rectification in the re¬ 
ceiver the output current Fn will be 
proportional to the absolute mag¬ 
nitude of Eq. 6, or 




FIG. %—DatoU of tko pickup loop poaltions with rolotton to tho 
htoetfon, and tho nototion uaod In dool«notiag positlen 
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FIG. 3--Graphlcal r«prM«iilatioii of the 
Btaniing wove formed on one arm of the 
T-Junction when the load ie not matched 


I'i. 



1 + tan V \ 1/2 
P« + tan* pj ^ 


P) (7) 


where the proportionality constant 
T' also includes the receiver gain 
factor. Similarly, with the loop in 
position S parallel to the generator 
line a voltage will be induced in the 
loop producing a current / v propor¬ 
tional to the vector sum of the load 
and matched line currents. 

/«■* T (It c) “ 

(TJ ^ (1 + P) (1 + i p) /OA 

(Th) (p j tan p) 

The receiver output current will 
then be 


(9) 

77 “ Iri - ^ 00 ) 

The ratio of the receiver output 
currents for the two coil positions 
is equal to the magnitude of the re¬ 
flection coefficient K on the load line. 

In practice, the loop is placed in 
position S and tlve receiver gain or 
generator power adjusted to pro¬ 
duce full-scale reading on the re¬ 
ceiver output meter. The loop is 
then rotated to position D and the 
reflection coefficient is directly indi¬ 
cated on the meter as the percent¬ 
age of full-scale reading. Equation 

10 shows that the reflection coeffi¬ 
cient reading obtained is independ¬ 
ent of the relative position of the 


standing wave with respect to the 
comparator. If the receiver is not 
linear, suitable correction of the 
meter calibration must be made. 

This relationship also may be 
shown in another manner. The loop 
currents for the two positions D 
and S are 

7„ = r (},. - ;,) - 1 -ui) 

and 

h-T Cu + i.) - 1 + J:) ( 12 ) 

The well-known transmission line 
equation expressing the current at 
a point down the line in terms of 
the load characteristics and line 
constants is 



Reflected wave main wave 

(13) 


Hence the ratio of the receiver out¬ 
put currents for the two loop posi¬ 
tions D and S is seen to be the ratio 
of the reflected wave to the main 
wave, or the coefficient of reflection. 



Assuming that a matched line 
may be provided, correct operation 
is independent of frequency up to 
the range where the loop couples to 
an appreciable fraction of a wave¬ 
length on the lines. In this region 
the loop current will not be a func¬ 


tion of the currents flowing in the 
lines at the immediate T-junction 
only. 

To obtain an experimental check 
on the accuracy of operation, a 
slotted measuring line was inserted 
between an adjustable load and the 
comparator. Standing-wave ratio 
readings obtained from the two in¬ 
struments for various loads and 
frequencies are comparable as 
shown in Fig. 4 and 6. 

Fixed Loop for Motehiae 

For certain applications, such as 
final matching adjustments of an¬ 
tennas in the field, the comparator 
may be simplified by fixing the loop 
in position D. In use, the load 
matching elements are adjusted in 
rotation for a null on the receiver 
output meter. Referring to Eq. 7 it 
is seen that a null is obtained only 
when P is unity. 

In comparators of this type cov¬ 
ering the frequency range of 400 
me to about 1,700 me, the re¬ 
ceiver is replaced by a fixed crystal 
and microammeter. The loop con¬ 
sists of an adjustable quarter-wave 
tuning stub to which is coupled the 
fixed crystal. The matched load is 
a selected resistor equal to the char¬ 
acteristic impedance of the lines. 

For a given standing wave on 
the load line the load current 
and hence the loop current will be 
a function of the relative position 
of the standing wave with respect 



FIG. 4—Slondlae-wcive ratios oblolaod 
with a slottsd lino lasortod botwooa od- 
liwlaMo lead ood eoaporater at SO me 



FIG. 5—Good agfoomoBt Is lonad at 800 
me botwoon slottod>llao oad oom p or ato r 
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to the T-junction. If the line be¬ 
tween the load and the comparator 
is of such a length as to give a volt¬ 
age minimum at the T-junction 
(p = 0) the loop current from Eq. 
7 is seen to be proportional to 
( 1 -P)/P. For the same load a 
change in line length of one-quarter 
wavelength will result in a voltage 
maximum appearing at the T-junc¬ 
tion (p = 90), and the loop current 
will be proportional to (1-P). 

The ratio of the minimum loop 
current to the maximum loop cur¬ 
rent for a given load and a vari¬ 
able shift of the standing-wave 
along the load line is seen to be 
equal to the standing-wave ratio. 


Ip min. (1 — P) 


/o mwc. “ (1 - P)/P ' 

Thus, as a match is approached on 
the load line by adjustment of the 
matching elements, the possible me¬ 
ter deflection diminishes rapidly. 

Using a square-law crystal detec¬ 
tor the relative meter deflection as 
a function of the standing-wave 
ratio and its position on the load 
line is plotted in Fig. 6 . The shaded 
area indicates the possible deflec¬ 
tion change for any shift of the 
standing wave along the line. A 
constant T-junction voltage E is 
assumed for these calculations. 


Absolsto Moqsitiide of Lood lNi|MdoRco 

Other load characteristics may 
be obtained from the comparator 
with the rotating loop. The abso¬ 
lute magnitude of the load imped¬ 
ance \Zl\ at the T-junction is 
found by taking the ratio of the 
linear receiver output readings for 
two additional loop positions. From 
Fig. 2 it is seen that with the loop 
in position B the loop current is 

since the loop is at an angle of 45 
degrees and couples equally with 
both of the T lines. Components of 
the load current in the loop are 
equal and opposite in this ease. 
Similarly, with the loop rotated 90 
degrees to position A, the current is 



FIG. 6-~HelatiTe m«i«r deflection shown 
os a function of stondlng-waTe rcttio and 
its position on the load arm of the T- 
iunction 


Forming the ratio and combining 
with Eq. 3, 


/'a Z. 


(18) 


where \Zt\ is expressed in terms 
of the characteristic impedance of 
the lines. In practice the receiver 
output meter is set to full scale at 
the loop position giving the larger 
reading. The loop is then rotated 
90 degrees to the other position and 
the ratio of \Zi\lZ,y or ZJ\Zi\ as 
the case may be, is read directly on 
the meter as the percentage of full 
scale deflection. 


Rosistivo CompoRont of Load 
ImpodoRct 

Having obtained the reflection 
coefficient K and the absolute mag¬ 
nitude of the load impedance \Zt\ 
from the four loop positions, the 
resistive component Rl of the load 
impedance may be found. From 
Eq. 4 

^ P + i tan p /gx.4- i Xl 
Zc“ 1 4* jPtanp " Zg 

Equating the real terms and imagi¬ 
nary terms respectively 

Bl — tan p (20) 

and 

At P too p + Xl Zt tan p (21) 


Eliminating tan 9 and solving for 

RlIZc 


Rl 

z: 




since P 

ru _ 

Zc ^ 


- (1 - X) / (1 + X) 

2(1 +X*)LV / J 


(23) 


Although the arithmetic value of 
the reactive component Xx. may be 
derived knowing Rl and |Zl|, the 
algebraic sign of X,. is not found 
since the same loop reading of p and 
\Zl\ will be obtained whether the 
reactive component is positive or 
negative. Also for some values of 
the load impedance having a small 
phase angle, low accuracy is ob¬ 
tained in determining the arithme¬ 
tic value of Xl. 

To obtain the algebraic value of 
the reactance, the matched resistor 
(Fig. 3 ) is replaced with a shorted 
coaxial line one-eighth wavelength 
long having the same characteris¬ 
tic impedance Zc as the T- 
junction lines. Since the reactance 
of the eighth-wave shorted stub is 


1, - i / 4- j ^ (24) 

HenccT. =-j|5) (25) 

With the loop in position D, 


ip - T{U-lc) - 

’■'‘(‘-p+iif) » 

Likewise, with the loop in position 
S, 

/. = r Oi + W = 

Designating the ratio of the re¬ 
ceiver output currents in this case 
by A' 




2 ^ 

Z, 


1 


2Xl 


'¥)/ 


(28) 


Solving for Xr , 


Xt 

Zc 


(1 - K^ ) rfizjAy,. 

2(l-hX'^)LWc ) 


(29) 


The ratio of the receiver cur¬ 
rents for the loop positions B and 
A will be the same whether the 
stub or the matched resistor is 
used. It is seen that the equations 
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for the resistive component and the 
reactive component are identical in 
form. The adjustable stub may be 
calibrated in terms of frequency for 
convenience in use. 

Since the reactance of a shorted 
line 9 electrical degrees in length 
is given by 


A" » + j tan 9 (30) 

it is seen that the stub may be 
somewhat shorter than an eighth- 
wave in length if its characteristic 
impedance is raised, the only re¬ 
quirement being that its reactance 
be equal to the characteristic im¬ 
pedance of the load line. 

For a particular frequency of op¬ 
eration the stub length to give the 
required reactance may be found 
quite easily without the use of the 
slotted measuring line equipment. 
The load line is replaced by the 
stub, and the matched resistor con¬ 
nected to the opposite side of the 
comparator. Since it was shown in 
Eq. 18 that the absolute magnitude 
of the load impedance in terms of 
the characteristic impedance was 
equal to the ratio of the loop cur¬ 
rents for loop positions B and A, 
the stub is simply adjusted until 
this ratio is unity. 

A chart is given in Fig. 7 from 
which the resistive and reactive 
components of the load impedance 
may be obtained from the various 
loop positions of the comparator. 

Eiample 

As an example of its use, an un¬ 
known load and the matched re¬ 
sistor are connected as shown in 
Fig. 2. The loop is rotated in the 
four positions to give the current 
ratios of D/S an^ A/B (or B/A), 
For a D/S ratio of 0.46 and a A/B 
ratio of 0.65 the resistive com¬ 
ponent of the load impedance in 
terms of the characteristic im¬ 
pedance is found to be 1.10. The 



FIG. 7—Chart thowiag r*iiitiTe asd r«actlT« componrats ol th* load Impodanco at 
obtoinod from various loop positions and dotoctor voltago roadings 


matched resistor is then replaced 
by the eighth-wave stub and the 
current ratio D/S (or S/D) deter¬ 
mined. Using the same A/B value 
of 0.65 previously found, it is seen 
that the reactive component of the 
load impedance in terms of the 
characteristic impedance is equal to 

—0.75 for a S/D ratio of 0.62. For 
a characteristic impedance equal 
to 52 ohms the load impedance is 
then equal to 

(1.10 - j 0.75)(52) - 57.2 ohms - j 39 ohms 

(31) 

An adjustable impedance was 
measured with the comparator and 
the slotted line apparatus at a fre¬ 


quency of 200 me to provide an ex¬ 
perimental check of the accuracy 
of the comparator. The results are 
tabulated below. 


Comparator 
18.3 4-j6.5 
44.7 - j 70.4 

36.2 - J 20.3 

58.3 - j 100.0 


Slotted Line 
18.2 -fj6.5 

44.8 - J 67.2 
38.4 - j 19.3 

56.8 - j 101.0 
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SHF Heterodyne Frequency Meter 

Description of a portable instrument that can be used in the range 450 to 10,000 me with a 
maximum error not exceeding 0.05 percent. The butterfly oscillator is checked at 5-mc 
points with a crystal that allows use of the equipment as a frequency standard accurate 

to 0.001 percent 

By CARSON D. JEFFRIES 

T he heterodyne frequency meter and its frequency F.. can be contin- the measurement a simple one. The 
to be described was developed uously varied between 450 and accuracy of measurement of Fx is 
primarily for use in the range 900 me. Thus F » may be measured equal to the accuracy of determina- 
2,000 to 10,000 me. It has, however, by the usual heterodyne method; a tion of F->, which in this case is ±:0.5 
a useful range of 450 to 10,000 me, series of values of Fa is observed for percent—the normal dial calibra- 
the fundamental range of the het- which an audio beat note with F\ is tion accuracy of the heterodyne os- 
erodyne oscillator being 450 to heard in the phones connected to cillator. 

900 me. amplifier no. 1. 

The incorporation of a crystal In general, audio beats are heard 
calibrating circuit makes possible if wF^ wFj, where = 1, 2, 3__ Crystal Calibrator 

frequency measurements with a and m = 1, 2, 3. In'this case In order to determine F„ more 

maximum overall error of ±0.05 the audio beat notes are loudest accurately it is necessary that a 
percent: the heterodyne oscillator when m = 1. If F'. and F/'are val- special calibration circuit be em- 
may be finely tuned by a gear re- ues of F^ for two adjacent values of ployed. A crystal oscillator whose 
duction system, allowing measure- n, and if m = 1, then freiiuoncy F, is 5 me rtO.OOl percent 

ments of frequency modulation and „ ]g ^ standard and coupled 

frequency increments of 0.01 per- (n-h 1 )/t'« Fi (la) to mixer no. 2. Also coupled to this 

and mixer is a 20-mc oscillator whose 

Meosurement Methods f^2) fi’t^Quency F, may be slightly varied. 

Frequency in the range 2,000 to „ ~ coupling between these two os- 

10,000 me is commonly measured approximately, cillators is sufficient to allow F. to 

with tunable resonators, or wave- particular be locked-in with 4F. when they are 

meters, of several types: coaxial- necessary adjusted to zero beat by means of 

line, cylindrical-cavity, or transi- determine pe value of F. in or- the mixer, audio amplifier no. 2, 
tion. These devices may be used determine F.. It can be done and earphones. The heterodyne os- 

as transmission or absorption ele- operation, thus making cillator is also coupled to mixer No. 

ments. They are relatively small, 
light-weight, and simple. 

The instrument described in this 
paper is considerably more complex 
than the devices named above, but 
it has greater utility, greater sensi¬ 
tivity, is self-calibrating, and op¬ 
erates over a wide frequency range. 

It can also be used as a low-power- 
level frequency standard of ±0.001 
percent accuracy. 

The block diagram of the hetero¬ 
dyne frequency meter shown in 
Fig. 1 illustrates the components 
of the instrument and their func¬ 
tion. 

The unknown frequency Ft in 
the range 450 to 10,000 me is cou¬ 
pled into mixer no, 1, which is also 

coupled to the heterodyne oscillator. nc. i-Block diagram ei m. lr«i«.ner malar. Gain control! oUow tha uiar to lalact 
This oscillator has a calibrated dial tha datirad baati to ba iid into tha output oudio ompUfier 
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2, and as Ft is varied, there will be 
heard in the phones audio beat 
notes every 6 me in the range 
of the heterodyne oscillator. 
These check points are beats 
between F, and nF* and accurate to 
within rtO.OOl percent. By linear 
interpolation between them F, may 
be determined at any point on the 
dial to within :t0.05 percent. 

Because the heterodyne oscil¬ 
lator dial calibration accuracy is 
only ±0.5 percent, it is possible for 
5-mc check point frequencies to be 
ambiguous over most of the range; 
such an impasse is avoided by turn¬ 
ing off the crystal oscillator and 
first finding a reference point with 
only the 20-mc oscillator. 

Separate audio channels and 


gain controls for the two mixers 
are used so that the instrument can 
be used without the calibration cir¬ 
cuit for rapid measurements with¬ 
out high accuracy, and the dial cali¬ 
bration of Ft may be quickly 
checked without hearing interfer¬ 
ing beats with unknown frequen¬ 
cies. Adjacent check points and a 
beat with an unknown frequency 
can be identified separately and 
then heard together with minimum 
interpolation errors. . 

The instrument may be used as a 
frequency standard by setting F. to 
any of the 5-mc check points in its 
range. This will determine Ft to 
an accuracy of ±0.001 percent. 
Mixer No. 1 will generate harmonics 
of these standard frequencies up 


to 10,000 me and these signals can 
be taken from the Ft input con¬ 
nector. 

The complete schematic diagram 
of the instrument aside from the 
conventional power supply, is 
shown in Fig. 2 and described be¬ 
low. 

The heterodyne oscillator is a 
type 6F4 triode tube operating in a 
butterfly circuit^ that combines me¬ 
chanical simplicity with compact¬ 
ness and avoids sliding r-f contacts. 
The butterfly rings are 2 inches in 
diameter and there are three in the 
stator stack. The rotor is also a 
stack of three plates and has an in¬ 
sulated shaft and ball bearing sup¬ 
port. The rotor requires 90 degrees 
rotation to vary the frequency from 
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450 to 900 me and is coupled to the 
panel tuning control by a 80-to-l 
reduction worm gear; it is also con¬ 
nected through a 450-to-l reduction 
to the panel fine tuning and inter¬ 
polation dial control. 

The frequency dial is 6 i inches 
in diameter and is directly cali¬ 
brated in terms of F,; the inter¬ 
polation dial is 4i inches in diam¬ 
eter and has 100 equal divisions and 
a hair line index. The whole me¬ 
chanical system is spring loaded in 
order to eliminate backlash. 

Freqveacy Sfobilify 

The oscillator has good mechan¬ 
ical and plate voltage stability. The 
plate, heater, and cathode chokes 
have been experimentally chosen to 
give smooth oscillator operation 
over its entire range. Incidental 
frequency and amplitude modula¬ 
tion is very small, the check points 
being very pure beat notes over the 
entire range. Since there are no 
sliding contacts, no noise is evident 
as the oscillator is tuned. 

Adequate r-f shielding of the os¬ 
cillator is obtained by use of the 
cast housing and tight cover, L-C 
filters in all power leads entering 
the oscillator cavity, and additional 
shielding of the worm gear 8 yi.tem. 
It is necessary to prevent leakage 
of r-f power in order to avoid a 
serious noise problem; many parts 
of the oscillator drive mechanism 
could be paths of random r-f cur¬ 
rent fiow, giving rise to broad 
bands of noise to be picked up by 
the mixers and amplifiers. 

Mixer no. 1 as illustrated con¬ 
sists of a type IN2SB crystal cou¬ 
pled inductively to the heterodyne 
oscillator and in series with the 
coaxial line input of Fj, the un¬ 
known frequency. A d-c load re¬ 
sistance across which are developed 
audio beat frequencies is mounted 
outside of the casting. 

The 5-mc crystal oscillator is of 
conventional electron-coupled de¬ 
sign. It uses a 6 AK 6 miniature 
pentode and a 5-mc temperature- 
compensated quartz plate with a 
variable pressure plate that allows 
the frequency F 4 to be set against a 
primary or secondary frequency 


standard. This oscillator will main¬ 
tain its accuracy to within zbO.OOl 
percent for normal (±:20 C) tem¬ 
perature variations. A panel switch 
cuts the plate supply on or off. 


Secesdery Cellbrater 

The 20 me oscillator is a conven¬ 
tional Hartley circuit using a type 
6 J 6 miniature dual triode with the 
elements connected in parallel. It 
is slightly tunable by means of a 
panel trimmer control. 

Mixer no. 2 is a type 6 J 6 minia¬ 
ture dual triode using each grid 
and the cathode as three separate 
inputs. The crystal oscillator and 
the 20 me oscillator are each 
capacitively coupled to a grid and 
to each other. The heterodyne 
oscillator is coupled in by means of 
a loop in the cavity feeding a 50- 
ohm coaxial line terminated in a 
50-ohm disc resistor that is also 
the cathode resistor of the 6 J 6 tube. 
This connection gives low im¬ 
pedance coupling and prevents re¬ 
action on the heterodyne oscillator. 

Audio amplifiers no. 1 and no. 2 
are each conventional resistance- 
capacitance coupled 6AK5 pentode 
amplifiers with separate gain con¬ 
trols on the panel. They each feed 
into separate grids of the 6 J 6 out¬ 
put audio amplifier to which high 
impedance earphones are capaci- 
tively coupled. 

The power supply is quite 
conventional, with resistance-ca¬ 
pacitance filters used to decouple 
various components. The method 
of decoupling has not been indi¬ 
cated in the diagram, all leads to 
the plate power supply being 
marked B-f. 


Llmltatioiis fe Accuracy 


It has been stated that the 
maximum overall measurement er¬ 
ror of this heterodyne frequency 
meter is ±:0.06 percent, and this 
can be simply proved. The accuracy 
of measurement is the accuracy of 
determination of F.. Points of 
±; 0.001 percent accuracy are placed 
on the K dial every 6 me by the 


calibration circuit. Linear inter¬ 
polation must be used to determine 
Ft between these points. The tun¬ 
ing curve of F» is not truly linear, 
the deviation from linearity in the 
vicinity of 460 me being —0.08 per¬ 
cent of frequency at the midpoint 
between two adjacent check points; 
at 750 me the deviation is 0.0 
percent; at 900 me it is -h0.02 
percent. Any backlash errors can 
be eliminated by proper technique. 
The interpolation dial can be accu¬ 
rately read only to about i of a 
division, thus causing an error of 
about ztiO.Ol percent of frequency. 
Thus the total error arrived at by 
adding dbO.03 percent for dial non¬ 
linearity, plus dtO.Ol percent for 
interpolation dial errors, plus 
dzO.Ol percent for other errors 
gives =t:0.06 percent. Because 
of the improved F. dial linearity 
this total error is only =t: 0.02 
percent in the Fj range of 650 to 
800 me. 

By improving the dial linearity 
of the heterodyne oscillator and by 
using more closely spaced check 
points, it is possible to construct 
a frequency meter similar to this 
one with an error of measurement 
of 1 part in ] 0 ^* 

No adequate measurements of 
the sensitivity of this instrument 
have been made; it varies widely 
over the range and is of the order 
of 0.01 microwatts at 200 me and 
10 microwatts at 10,000 me. 
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Direct-Reading Wavemeter Design 

Construction details of direct>reading wavemeters for the range from 2 to 75 cm (15,000 
to 400 me). Theory behind maintaining linearity of wavelength-change-to-conductor-dis- 
placement is given for cavity devices of finger-contact and re-entrant line short-circuit type 


By G. E. FEIKER and H. R. MEAHL 


T he development of waveme- 
ters for use in the centimeter- 
wavelength range was accelerated 
after 3939, before which Lecher 
wires were probably in greatest use. 
Development of resonant coaxial 
transmission line and resonant 
wave guide cavity types followed. 

All forms of the Lecher wire 
wavemeter require that two or more 
observations of resonance be made 
and that the distance of motion of a 
short-circuiting bar or plunger be¬ 
tween points of resonance be meas¬ 
ured to get data from which the 
signal wavelength can be calculated. 
A 5- to 30-centimeter searching 
wavemeter was developed to replace 
the various forms of Lecher wire 
device in order to conserve space 
and man-hours. 

The back-panel appearance of the 
direct-reading 5- to 30-cm searching 
wavemeter is shown in Fig. 1. The 
device will agree with a primary 
standard of wavelength of fre¬ 
quency within 0.1 cm and will repeat 
a reading made using a crystal-con- 
trolled signal source within 0.05 cm. 

A cross-section of the resonant 
cavity of this wavemeter is shown 



FIG* 1—A 5 to dO-cm ■•arching wav#m«t«r 
with linger contact to inner conductor 


in Fig. 2. A coaxial transmission 
line resonator operates in its quar¬ 
ter-wave mode. Finger contacts are 
used on the inner conductor, the 
length of which is adjustable by 
means of a rack and pinion. The 
visual indication of resonance is ob¬ 
tained by converting a small amount 
of microwave energy to direct cur¬ 
rent with either a thermocouple or a 
crystal rectifier and applying it to 
a d-c microammeter. An input of 
approximately 20 milliwatts is re¬ 
quired for full-scale deflection with 
a thermocouple and approximately 
one milliwatt when a crystal recti¬ 
fier is used. 

In order to obtain better accuracy 
and precision in another equip¬ 
ment, the size and shape of the 
contacting fingers were chosen to 
cause a minimum departure from a 
linear characteristic over a range 
from 30 to 75 cm. In addition, the 
coupling loops were adjusted to give 
uniformly good sensitivity over the 
whole range together with a char¬ 
acteristic sufficiently linear to allow 
the direct reading scale to be guar¬ 
anteed accurate to within 0.5 per¬ 
cent. 

In order to increa.se the effective 
scale length, the wavelength dial is 
rotated nearly two revolutions. The 
slope of wavelength versus con¬ 
ductor displacement was adjusted so 
that one set of graduations could be 
used with two sets of color-coded 
numerals. The correct scale is in¬ 
dicated by a colored target near the 
upper left edge of the dial. 

Shieldiag for AccHraey 

Experience with the 5- to 30-cm 
wavemeter showed a need for 
shielding against extraneous fields. 
Any r-f voltage induced in the nom¬ 
inally d-c path between crystal and 


microammeter is rectified to give a 
deflection. A combination bypass 
capacitor and instrument connec¬ 
tion, together with grounding the 
input coupling and tuning shaft to 
the case, provided adequate shield¬ 
ing in the vicinity of high r-f fields. 

A design similar to that of the 
5- to 30-cm wavemeter has been 
made for the 2- to 8-cm range with 
the scale direct reading to within 
0.05 cm between 3 and 8 cm. 


Froclflon Wov«iiietars 


An early form of laboratory 
wavemeter built for the dual pur¬ 
pose of investigating the character¬ 
istics of quarter-wave resonators 
as wavemeters of high precision in 
the 8- to 12-cm wavelength band and 
of measuring the output spectra of 
magnetron oscillators is shown in 
Fig. 3. Since the existence of dis¬ 
crete narrow spectra was suspected, 
a vernier tuning control shown at 



FIG. 2—CrQtt-#*etioa oi S to 30*cim Morch- 
ing woY«iii#ttr 
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FIG. 3—A developmental 8 to 12-cm precision wavemeter with conductors for coarse 

and fine tuning 



FIG 4 —Field type precision wavemeter. indicating meter is at upper center 


the right was included. However, 
the main tuning control proved ade¬ 
quate and tests showed that the 
resolution obtainable with a coaxial 
resonator employing a silver-plated 
micrometer spindle as adjustable 
center conductor was sufficient for 
all but the most specialized meas¬ 
urements in the 8- to 12-cm range. 

Quantitative analysis and test of 
the performance of this laboratory 
wavemeter provided guidance in the 
design of wavemeters for field use. 
Improvements were made in the 
coupling loops» the contact between 
the micrometer-head mounting 
plate and the body of the wave¬ 
meter, the contact between the 
mounting plate and the micrometer 
spindle and in the body of the wave¬ 
meter itself. The measuring equip¬ 
ment had good sensitivity, full scale 
deflection for approximately 1 milli¬ 
watt input, and a wavelength versus 
displacement characteristic linear 
within 0.06 percent over the wave¬ 
length range of 8 to 12 cm. Positive 


low nsistance contact is necessary 
both between the micrometer-head 
mounting plate and the body of the 
wavemeter as well as between the 
mounting plate and the micrometer 
spindle. It was found that the stiff¬ 
ness of a wavemeter body made of 
standard brass tubing was inade¬ 
quate. Changes as great as 0.03 
percent in tuning were caused by 
prcvssure on the clamp that held the 
body to the base. 

In field wavemeters satisfactory 
contact between the micrometer- 
head mounting plate and the body 
of the wavemeter resulted from the 
combination of silver plating both 
parts and turning a lip approxi¬ 
mately 0,006 inch high on the body 
of the wavemeter at its inner edge. 

A satisfactory contact between 
the mounting plate and the microm¬ 
eter spindle was obtained by making 
the micrometer spindle of sterling 
silver and the finger contacts of 
silver-plated phosphor bronze or 
beryllium copper. Motor driven 


accelerated wear tests indicated 
that a year of trouble free perform¬ 
ance could be expected from this 
combination. However, the re-en¬ 
trant transmission line type of 
short-circuit which is described be¬ 
low is superior to the finger-type 
contact in having low manufactur¬ 
ing cost and more uniform and 
stable electrical characteristics. 

Adequate stiffness in the wave¬ 
meter body has been obtained by 
means of a sturdy bronze casting, 
silver plated for high conductivity, 
shown in Fig. 4. This casting is 
securely bolted to the sloping panel 
to provide a sturdy mount for the 
input jack, output coupling loop, 
crystal rectifier unit, and tuning 
control. 

Ra-entrant Short Circuit 

One of the most valuable features 
of the field type precision wave¬ 
meter is the re-entrant transmission 
line short circuit between inner and 
outer conductors of the resonator, 
shown in cross-section in Fig. 5. 
This accomplishes the same purpose 
as the finger contacts of earlier de¬ 
signs but without a mechanical con¬ 
tact between conductors of the main 
resonant cavity. The re-entrant 
portions of the cavity are propor¬ 
tioned so that the reactance at the 
input to the re-entrant line is zero 
at some intermediate wavelength 
in the band. At other wavelengths, 
the reactance is small in proportion 
to that of the main cavity. The 
rotating joint between micrometer 
spindle and head is at a low current 
point, so that the effect of this 
variable resistance contact on the 
wavemeter performance is negli¬ 
gible. 

This design has resulted in an 
ideal working condition for the 
micrometer screw, since there is no 
load on the spindle. The construc¬ 
tion provides a close approximation 
to the ultimate in uniformity and 
stability of both electrical and me¬ 
chanical characteristics. 

Further features of the field-type 
precision wavemeter are the direct- 
reading wavelength scale, accurate 
within 0.1 percent and resettable 
within 0.002 centimeter, and the 
combined shielding and bypassing 
that protect the wavemeter from 
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strong radio-frequency fields and 
prevent responses to other than the 
impressed signal. 

The appearance and construction 
of a postwar 8- to 12-cm precision 
wavemeter for general laboratory 
use is illustrated on the first page 
of this paper. Comparison with 
Pig. 4 will show that the gear-stop 
and sensitivity control of the field 
type have been omitted and that a 
less expensive bypass capacitor has 
been used across the microammeter, 
but that the primary structural and 
shielding features have been re¬ 
tained. The electrical characteris¬ 
tics of the two wavemeters are iden¬ 
tical. Many of the benefits that ac¬ 
crue in designing for field use are 
not visible, but require a compara¬ 
tive study of the designs developed 
here and in England.' It is believed 
that the use of friction to hold the 
positions of the drum, the thimble, 
and the extension piece fixed rela¬ 
tive to the spindle is indication that 
field use was considered secondary 
during the British development. 
The use of a 0.002-inch clearance 
for a distance of from J to I inch 
in the noncontacting plunger type 
also points in the same direction. 

It is interesting to note the differ¬ 
ences in electrical design, also. In 
the designs described herein the 
cavity beyond the end of the adjust¬ 
able inner conductor has been 
chosen to be below cutoff for all 
operating wavelengths; whereas in 
the British design, the cavity is in 
the pass band for operating wave¬ 
lengths. This difference apparently 



fIG. S—G f e s t fctton of ro-oatront trano* 
■UosloB liao slMft dfcalt typo 


resulted from considering the 
direct-reading feature more impor¬ 
tant than width of tuning range 
while developing these designs. 

A 12- to 17-cm precision wave- 
meter operating on the same prin¬ 
ciples as those for the wavelength 
range 8- to 12-cm has the same qual¬ 
ity of performance as detailed in 
Table I. 

The precision type wavemeters 
are unusually well adapted for field 
service where extreme conditions 
of temperature, humidity, high- 
power radio-frequency fields in and 
out of the wavemeter range, vibra¬ 
tion and shock are encountered. For 
example, the micrometer heads have 
been lubricated with a special oil 
which allows free movement at 
—60C and yet does not evaporate 
at 50 C. Extensive use of these 
wavemeters for several years has 
shown that the wavelength calibra¬ 
tion is maintained well within the 
0.1 percent specification. 

The devices have also been used 
as power indicators without modi¬ 
fication, as receivers after connect¬ 
ing an audio amplifier across the 
crystal rectifier, and even as tunable 
band-pass filters after removing the 
crystal rectifier and connecting 
directly to the output loop. 

Tlieery 

The most important property of 
direct-reading wavemeters is the 
linearity of wavelength change to 
conductor displacement. The under¬ 
lying theory of this property is pre¬ 
sented below for those wavemeters 
employing finger contacts and those 
with a re-entrant transmission line 
short circuit. 

It is an experimental fact that 
properly designed wavemeters hav¬ 
ing a resonator of the type shown in 
Fig. 6A have the property that a 
one centimeter increase in the 
length of the center conductor 
changes the fundamental resonant 
wavelength by four centimeters. It 
may at first seem obvious that this 
is the case, since the wavemeter is 
resonant in its quarterwave mode. 
Actually, however, the line is con¬ 
siderably shorter than a quarter 
wavelength because of the end-load¬ 
ing capacitance of the inner to outer 
conductor. This foreshortening may 



FIG. 6—CroM-MctloB ond •qulTolmit df- 
cuit (A) oi llagBr-contact typ» and (B) r«- 
•atfOBl lypn waremolnr 


be as great as 18 percent of the 
quarter wavelength, and yet the 
rate of change of wavelength to 
conductor displacement is within 1 
percent of the four-to-one relation. 

It is difficult to make a good disc- 
type electrical contact of the kind 
needed in the resonator although 
such a contact was used in the early 
designs. The cylindrical type 
shown in Fig. 6B has been used in 
more recent designs requiring 
finger contacts because of its simp¬ 
ler construction. Resonators hav¬ 
ing a contact of this kind depart 
from the four-to-one relation and 
are not linear over the complete 
range of extension of the center 
conductor, but can be made direct 
reading within a fraction of one 
percent over a two-to-one wave¬ 
length range. 

The resonator of Fig. 6A is a 
special case of that shown in Fig. 
6B, the analysis of which is given 
below. The equivalent circuit for 
the latter consists of two cascaded 
sections of transmission line of 
characteristic impedances Z^i and 
Z^. The former is short-circuited 
at its input end, and the latter is 
terminated in an equivalent end¬ 
loading capacitance C», representing 
the effect of the fringing field be¬ 
tween the end of the center con¬ 
ductor and outer conductor. A 
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capacitance C, is added to account 
for the step in the center conductor.* 
The electrical length Bo = pL. of 
the extensible portion of the center 
conductor can be related to the fre¬ 
quency and constants of the circuit. 
Referring to Fig. 6B, resonance will 
occur when the reactance of the 
parallel combination of line Li and 
fringing capacitance C, is the con¬ 
jugate of the reactance of line Lo 
terminated in the equivalent dis¬ 
continuity capacitance C». 

The input reactance of line Li is 

X LI ^ Zai tan Si 

where Z., and Bi are the char¬ 
acteristic impedance and electrical 
length, respectively of line Li. 
Combining with the capacitive 
reactance X^i = l/coC,, 


^ ^ ■A f I 

" Xrt- Xu 
. (Z,» tsn Si) ( l/u» C,) 

0/« Cl) — Z« tan Sj 

The input reactance of line Lo ter¬ 
minated in the capacitance Co is 


Y 1 /w Co — Zeo tan Sc 

* “ r+ (l/w CoZ^S’ tanTo 

where Z^o and S, are the character¬ 
istic impedance and electrical 
length, respectively, of line Lo. 

The condition for resonance, Xi = 
—Xa, gives for So the relation 


tanSo - Isi 


-- Zo, ^ ^ 


-a;-) 


r-gu., 




( 1 ) 


The relation for the special case 
of Fig. 6A is obtained from Eq. 1 
by setting S, = 0, in which case 


tan So 


It ^ (2) 

Z^ wCoZoo 2rrCa^ 


where v is the velocity of propaga¬ 
tion and A the wavelength in cm. 

If it were possible to eliminate 
end-loading so that Co = 0, the elec¬ 
trical length So would be 90 degrees. 
The magnitude of the effect of end¬ 
loading capacitance can be seen 
from Fig. 7, in which values of S® 
are plotted for a wavemeter operat¬ 
ing in the 8- to 12-cm range. 

Of more importance is the expres¬ 
sion for the rate of change of 
conductor displacement with wave¬ 
length, which can be found by dif¬ 
ferentiating the expression for the 
length Lo of the extensible line. 


L. » So/S « (l/2ir) (SoX; 

dL) 1 ^ ^S(» 

dX “ ^ 7x (3) 

The second term is obtained from 
the expression for tan S®, 


dSo ^ 1_ fd.V 
dX “ /) LdX 


N ^“1 

D dX J 


coa-Bo 


(4) 


where N is the numerator and D the 
denominator of Eq. 1. 

For the case in Fig. 6A, the ex¬ 
pression for the rate of change of 
wavelength to conductor displace¬ 
ment reduces to 


dX 


S, - 1 2 g in 2 ^ 
2ir 


( 6 ) 


Then 


»in 2 So » sin ^ 2 

for c < 0.5 radian. 
Therefore, 



ilLi ^ 1 
d X 4 3ir 


(7) 


The percent deviation from a 




FIG. I —Resdnaat wavaleavtli versiit cob- 
daelor oxtoBsloa cmd ilepo for a ro-ontrant 
typo wovomolor 


4-to-l slope has been calculated 
from Eq. 7 and plotted in Fig. 7 for 
the 8- to 12-cm range. 

When the projecting type of con¬ 
tact is used, the rate of change is 
no longer four to one. The slope 
versus wavelength for a 30- to 75- 
cm wavemeter, and conductor length 
versus wavelength, have been 
plotted in Fig. 8. This wavemeter 
employed a contact line 5.25-cm 
long. The ratio of characteristic 
impedances Z,u/Zn was 1.15. A re¬ 
duction in the length of the contact 
line to 3.2 cm made the character¬ 
istic linear to within ±;0.6 percent 
over the range of 30 to 75 cm. 

A cross section of a cavity type 
used in the 8- to 12-cm and 12- to 17- 
cm wavemeters is shown in Fig. 9. 
The main part of the cavity consists 
of two transmission lines, one hav¬ 
ing the variable length AB as inner 
and MN as outer conductor, the 
other having JK as inner and LM 
as outer conductor. The former line 
is terminated in a fringing capaci¬ 
tance from A to the outer conduc¬ 
tor ; the latter line is shorted by the 
plate KL. 

The re-entrant portion of the 
cavity consists of the short-cir¬ 
cuited line HI, OF, and the line CD, 
FE. The two parts of the cavity 
are connected by the choke line BC, 
JI, The center conductor rotates in 
its bearing at point D, this being 
the only point of mechanical contact 
between the outer shell and center 
conductor. The electrical quality of 
this contact is not important, since 
it is at a low current point relative 
to the current in plate KL. 

An equivalent circuit for the 
cavity can be drawn, showing the 
interconnection of the five different 
transmission lines having charac¬ 
teristic impedances Zn, Z«.„ Ze®, 
Zc® and the discontinuity capaci¬ 
tances. The capacitance repre¬ 
sents the fringing capacitance from 
the end of the center conductor to 
the shell. Capacitances Ct, C«t, Cm, 
C«a, Cl, Ct are those associated with 
the discontinuities at the junctions 
of the various transmission lines. 
These capacitances can be calculated 
from the dimensions.* 

The following procedure is fol¬ 
lowed in calculating the wavemeter 
characteristic. The reactance ap- 
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Tcdble I—Characteristics of 12- to 17-cxn Wavemeter Calculated 
From Equivalent Circuit 



consists of a transmission line and 
associated discontinuity capaci¬ 
tances, is calculated, ignoring losses. 
The electrical length of line of 
characteristic impedance Zr 2 neces¬ 
sary to give the conjugate reactance 
across these two points is then de¬ 
termined. This calculation is car- 


0. and loss distribution for 
a 12- to 17-cm cavity. 

In order to make the wavemeter 
direct reading, utilizing a standard 
micrometer screw thread, a slope of 
A'a/AL = 3.543 was required. The 
dimensions of the cavity were va¬ 
ried in initial trial calculations until 


by the coupling loops, so that better 
agreement could hardly be expected. 

It should be pointed out that the 
analysis is valid only for loose cou¬ 
pling, since over coupling can 
greatly change the calculated char¬ 
acteristics. 


r'ed out for several wavelengths 
over the band of operation to obtain 
the characteristic of extension AB 
versus wavelength. Matrix formu¬ 
lation simplifies the procedure of 
calculation. 

The equivalent circuit can also be 
used to calculate other properties of 
the resonator. The ratio of current 
/a-, in the rotating joint at D to 
current in the short-circuiting 


the following series was obtained in 
which all dimensions are the same 
except the diameter of the center 
conductor of line L,. 

diameter AX/AL 

(inches) (average) 

0.320 3.58 

0.330 3.65 

0.340 3.63 

The experimental value of aver- 


AeknewltdgtiiiMf 
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plate KL is of importance in the 
design. Distribution of loss in vari¬ 
ous parts of the cavity and the Q 
value of the resonator can also be 
calculated. 


age slope for the final design with a 
diameter of 0.330 inch was 3.636. 
The calculated value is in error by 
less than 1 percent. The experi¬ 
mental value is somewhat affected 


References 

(1) h. EsHfii, Cavity Renonator Wrvp- 
jnrterH, Wirefr^n Bnginvvr, p 126, May 1946. 

(2) J. K. Whinnvry auU H. \v. Jainieaon. 
Kqulvnlont Clroulta for lUaoontinuitloK In 
TrnnuniiMKlon Line^. Proc IRE. Vol. 82, 
p 96. Feb. 1844. 


Buzzer Signal Generator for 3^^000 Me 


Damped oscillations in a tunable 
concentric line resonator are pro¬ 
duced by a battery-operated buz¬ 
zer in a microwave signal generator 
developed under auspices of Panel 
16 of OSRD. 

When the buzzer is operating, the 
interruptions at the armature con¬ 
tacts produce pulses of r-f energy 
of complex wave form. The actual 
r-f energy produced is very small; 
it may be considered to be in the 
form of recurring damped oscilla¬ 


tions with the recurrence frequency 
determined by the frequency of vi¬ 
bration of the armature of the buz¬ 
zer. This frequency is adjustable 
between 1000 and 2,000 cps, subject 
to mechanical limitations of the 
buzzer. 

The recurring pulses of r-f en¬ 
ergy produced by the buzzer are fed 
to the tuning unit through a short 
length of concentric line connected 
to a coupling loop within the reso¬ 
nator. This coupling loop is shunted 


by a 60-ohm disc resistor to reduce 
spurious resonance in the coupling 
loop. 

The tuning unit is a concentric 
line type resonator, the center con¬ 
ductor of which can be varied in 
length by means of a rack and pin¬ 
ion drive. This drive is controlled 
by the main frequency control on 
the front panel. Variations in the 
length of the portion of the center 
conductor that is within the fixed- 
length outer conductor change 
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the resonant frequency of the reso¬ 
nator from 1,000 to 8,500 me. 

The pulses of r-f energy from the 
buzzer apparently have steep wave 
fronts which are capable of shock¬ 
exciting the resonator. In the com¬ 
plex wave form, components of 
many frequencies are present but 
the introduction of the high-Q reso¬ 
nant circuit causes the r-f energy 
at the resonant frequency to pre¬ 
dominate. This seta up an r-f field 
in the resonant line of the tuning 
unit at the moment of each pulse. 
Some of this pulsed r-f energy is 
fed to the outi)nt circuit through 
an attenuator. 

Some of the magnetic dux devel¬ 
oped in the resonator extends into 
the end of the attenuator cylinder. 
This flux within the cylinder de¬ 


creases exponentially with increas¬ 
ing distance from the resonator. 
Therefore, as the coupling loop is 
moved up and down the tube, a 
varying amount of magnetic flux 
is linked by the loop; this results 
in a variable pickup of energy. 
Maximum pickup occurs when the 
coupling loop projects out of the 
tube just into the resonant cavity. 
An output of several hundred mi¬ 
crovolts into a 50-ohm load is pro¬ 
vided. 

A piston-type attenuator is used, 
consisting of a cylinder and a pis¬ 
ton which carries the output coup¬ 
ling loop. A coaxial cable connects 
the loop to the output connector. 
This assembly is attached to a port 
on the resonator cavity. The posi¬ 
tion of the piston coupling loop in 



Circuit of simple microwave elgnol 
generotor 

the cylinder is adjusted by means 
of a rack and pinion connected to 
the attenuator control on the panel. 


Improving Stability of UHF Oscillators 

Mathematical analysis of the factors governing frequency stability 
of uhf oscillators during load impedance changes, and method of 
reducing frequency variations in a 1,000-mc oscillator by means of a 
series capacitor in anode circuit 


C ERTAIN APPLICATIONS for mi- 
crowave oscillators require 
that they maintain frequency 
within specifled limits under vari¬ 
ous conditions. Such conditions in¬ 
volve, among others, changes in 
the oscillator tube interelectrode 
capacitance and changes in the load 
impedance. 

The latter condition is of partic¬ 
ular interest in applications where 
it is necessary to tune a microwave 
oscillator by using a dummy load, 
such as before installing the oscil¬ 
lator in an airplane. Besides the in¬ 
itial difference in impedance which 
may occur between the dummy load 
and the antenna system to which 
the oscillator is finally connected, 
a further change in load impedance 
may occur as a result of antenna ic¬ 
ing under extreme conditions. 

For these reasons it is desirable 


By CARL A. HELBER 

to determine the measurable fac¬ 
tors which are responsible for the 
frequency stability of uhf oscilla- 
t(n\s. An even more desirable goal 
is the determination of the fre¬ 
quency stability of a particular os¬ 
cillator in terms of its physical 
dimensions and the electrical char¬ 
acteristics of the oscillator tube. An 
analysis of these factors has led to 
the development of simple triode 
oscillators having stability char¬ 
acteristics which can be calculated 
accurately enough for most engi¬ 
neering purposes. 

Frgqgeney PuIIIiiq 

Oscillator frequency variations 
due to variations in load admittance 
are due to the fact that the admit¬ 
tance as seen by the oscillator tank 
circuit is not a pure conductance, 


but may have a susceptive compon¬ 
ent. If the susceptive component 
is capacitive, it decreases the os¬ 
cillator frequency; if inductive, it 
increases the oscillator frequency. 

Usually the oscillator is connected 
to a transmission line of character¬ 
istic admittance Go through some 
kind of a coupling system. Speci¬ 
fications usually indicate the maxi¬ 
mum load mismatch which can be 
expected in terms of the maximum 
standing wave ratio S on the trans¬ 
mission line. Since the line may be 
of any arbitrary length, it is con¬ 
ceivable that conditions may ob¬ 
tain whereby the maximum suscep¬ 
tive component of the line input 
admittance may be presented to the 
oscillator. 

The maximum susceptive com¬ 
ponent is a function of the standing 
wave ratio S; from the admittance 
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plot in Fi^:. lA, this can be seen 
to be 

AB « ± 0.6 (S - 1/S) 0. (1> 

The equivalent lumped circuit of 
the oscillator tank circuit is Riven 
in FiR. IB, where C is the equiva¬ 
lent lumped circuit capacitance of 
the oscillator tank circuit. 

Usually the oscillator does not 
work directly into the transmission 
line, but rather into a couplinR 
network which is connected to the 
line. The admittance actually con¬ 
nected across a tank circuit is gen¬ 
erally only a small fraction of the 
admittance seen looking directly 
into the line. If we call the trans¬ 
formed characteristic admittance 
Go, then it can be shown that the 
maximum susceptive component 
presented to the oscillator tank cir¬ 
cuit will be 

AH' - db 0.5 (5 - 1/5) 0^' (2) 

The oscillator frequency for a 
purely conductive load will be the 
familiar 

/ - \/2w ylUC (3) 

Squaring this expression, differ¬ 
entiating with respect to C, and 
simplifying gives 



or differentiating in terms of a 
change in susceptance dB, the re¬ 
sult is 


dt dB 

Substituting for dB the value in Eq. 
2 and changing df to A/, we obtain 
a formula which relates the maxi¬ 
mum frequency shift obtainable by 
load phase variation to the stand¬ 
ing wave ratio S, the load conduc¬ 
tance presented to the tank cir¬ 
cuit for 5 = 0, and the equivalent 
capacitance C of the oscillator tank. 
Thus 

(5 - 1/5) Qt/ 

8t/C 


f..- 


(5) 


Now S is usually fixed by the an¬ 
tenna designer and Go is a function 
(for maximum power output) of the 
oscillator tube characteristics. 
Hence C is the only one of these 
factors which depends upon the 
physical dimensions of the oscil¬ 
lator. 

In a simple lumped-element cir¬ 
cuit, C consists entirely of the tube 
plate-grid capacitance in parallel 
with any capacitance provided by 



FIG. 1--(A) Locus of oU possiblo odaltlOBeos looUaf fato Manlssloa Uaoi (B) slsi* 
pllliod oqolvoloot Ins^pod drool! ol ColplHs oodllalori (C) oqoivaloot took dfenH of 
cocodal lioo osdllaior* la whldi foeoaanco oocm wImb fo octao c o of C Is oqool !o 
tbo ladnellvs roMaaos of Iho soetlen of dosod oondod inmsadssloa llaoj (D) vorla- 
aon of IsMctor A wUh olootiioal loa«Gi # of so odd ttooi (B) olnrall of so r lss oe»o d!—o s 

Mfhod of stoMllsatloa 


the feedback circuit and any ca¬ 
pacitance which might have been 
added for tuning purposes. 

For practical purposes Gt in 
high-voltage pulsed oscillators may 
be replaced by where P is 

the power delivered to the load and 
Em is the peak pulse voltage applied 
to the anode of the tube. This sub¬ 
stitution is justified if the peak 
plate-grid voltage swing is nearly 
equal to Em* In practically all cases 
encountered, this assumption ap¬ 
peared to be very nearly correct 
when the oscillator was delivering 
maximum power to the load. To a 
good approximation then 


A/ (5-l/5)P 


(6o) 


When the tank circuit is made up 
from a section of transmission line, 
the equivalent capacitance will be 
greater than for the simple lumped 
circuit case because of the distrib¬ 
uted capacitance of the line. 

Cooxiel-Une Task ClrcHlf 


In the 1,000-megacycle region, 
coaxial line tank circuits for triode 
oscillators are generally used be¬ 
cause the radiation loss is lower 
than is obtained from open-wire 
lines; consequently, we shall devote 
our attention entirely to the dis¬ 
cussion of coaxial line circuits. 

For simplicity let C in Fig. 1C 
represent the entire lumped capaci¬ 
tance placed across the end of the 
coaxial line of characteristic im¬ 
pedance Eo. For a condition of res¬ 
onance,^ we find that 

X rm A. 2irl tA\ 

2Sc“**“T 

wh«re X = wavelength in eanti* 
meters, I = lengrth of tank in centi¬ 
meters, and e = 8 X 10- centimet¬ 
ers per second. 

If we find the value of dX/dC 
for this case, we can then equate 
this value to dX/dC. for the equiva¬ 
lent lumped circuit ease. We will 
then have a means of working with 
the rather complicated equations 
for the eoaxial line in terms of eon- 
stants applied to a simple lumped 
dreuit. This gives a vidue for C 
vdiich can be used in Eq. 6 to pre¬ 
dict the behavior of a particnlar 
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owiUator toward load impedance 
variationa. 

Differentiating Eq. 6 givea 

dX_X_ ,7^ 

de C [1 + » (tan 9 + oot 9)1 ' 

where 9 = 2ni/X = electrical 
length of the line in radiana. The 
value of dX/dC. for the lumped-ele¬ 
ment case is aimply 


<fx X 
dC. ” 2c. 


(8) 


Equating Eq. 7 and 8 and solving 
for C, givea 


C.-|-ll + 9(tan9-»-oot9)l (») 

Since it ia eaaier to plot a function 
which goea to zero rather than one 
which goes to infinity, let us plot 
the function 

X_2_ 

1 -h ^ (tao 5 -f oot d) 

as a function of 9 as in Fig. ID. 
Thus 


c. - C/A (10) 

As an example of the application 
of Eq. 10, if we have an oscillator 
for which C = S/xfif and 9 = 66 de¬ 
grees at X = 30 centimeters (Z, = 
24 ohms), we find that C, = 6.1/t/xf. 
In many applications this is too 
small a value to give the required 
stability as determined by Eq. 6 and 
thus we might try to raise C. by 
increasing 9. Doing this is not al¬ 
ways feasible, however, because of 
the increased difficulty of providing 
tuning in the closer-spaced lines re¬ 
quired in order to satisfy Eq. 6. 
Increasing C, on the other hand, 
may cause I to become too small to 
allow efficient tuning. In order to 
circumvent these difliculties and 
still achieve a sufficiently large C„ 
an additional capacitance in series 
with the tank circuit has been used. 


Use of Series Cepeeitosee 

We can best analyze this method 
by using the concept of energy stor¬ 
age in the circuit capacitances. The 
total energy stored in all the ca¬ 
pacitances in the dreuit will be 
found and equated to the energy 
stored in a single lumped capaci¬ 
tance having the same applied volt¬ 
age as die tube load impedance. 

The series capacitance circuit is 
shown schematically in Fig. IE. 


rHCATZS CONNECTION 


FCEOSXCK LOOPi 



BAKEUTE ' 
INSUtATINO DISC 


FIG. 2—Croti-iffictlon oi ls000>inc oBcUlotor OMfMBbly utlaq Mrtot copcK^ltemeffi 

ol tlablliscrtioa 


Since the current through C, in a 
high-Q circuit is the same as that 
through Cl, the voltage developed 
across C. is 


E. - IP, Ci/Cf (11) 

The total voltage across the line 
will be E, + Et or Et (1 -f- C,/C,). 
We have shown previously that the 
equivalent lumped capacitance of 
a resonant coaxial line circuit is 
given by Eq. 10. In this case C is 
made up of C, and Ci in series or 


C - 


C.Ci 


( 12 ) 


C.-f C, 

The energy stored in the entire tank 
is then 

(1 -f Ci/C,)« C. Ct 
A (C. -f Cl) 

Ef Ct (C, 4- C<) 

AC. 


W - 


(13) 


Equating this expression to the en¬ 
ergy stored in a simple lumped ca¬ 
pacitance Cp with voltage Et across 
it, we arrive at an expression for 
the equivalent capacitance seen by 
the tube and the load 


Cp 


Cl (C. -f Cl) 

AC. 


(14) 


If we use the same impedance 
line and make Ct equal to 3/i/xf 
as in the previous example (Zo = 24 
ohms), with C. = B will 

increase to 79 degrees because of 
the fact that Ct and C. in series are 
tuning the line. For ^ = 79 degrees, 
A is found to be 0.24 and thus C. 
will be 29.5/t^f as compared to 


G.l/i/iif obtained without the use 
of the series capacitance. 

It should be remembered, how¬ 
ever, that increasing the equivalent 
capacitance of the tank circuit is 
not without undesirable effects. As 
the capacitance increases the tank 
circuit losses also increase, and 
thus a compromise between stabil¬ 
ity and efficiency must be made. For 
a particular application 25 to 35)ii^f 
was considered sufficient. An os¬ 
cillator was built using the values 
for Ct and C. given above. The 
measured equivalent capacitance 
was about 25/i/if which is in good 
agreement with the theory. This 
same general theory, when applied 
to several other types of oscillators, 
yielded equally good results. 

Practical Otcillator 

The oscillator shown in Fig. 2 is 
an example of one that was built 
on the basis of the foregoing 
theory. A 2C39 triode was used 
with 2,0()0-volt, one-microsecond 
pulses applied to the anode through 
the coil and capacitor shunt feed 
illustrated. Under these conditions 
about 1,600 watts peak power was 
obtained at 1,000 megacycles. 

Feedback was obtained in this 
particular design by means of loops 
tied to the cathode and extending 
into the plate-grid cavity. The ca¬ 
pacitance equivalent to C. consists 
of the short section of open^nded 
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coaxial line surrounding the anode 
of the tube. The anode radiator on 
the 2C39 was removed in order that 
the series capacitance could be re¬ 
duced to about Tuning was 

accomplished by means of a sliding 
metallic bridge which was used to 
vary the length of the coaxial line 
tank circuit. 

The overall efficiency of the oscil¬ 
lator was about 35 percent at 2,000 


volts. Operation at 300 volts and 
120 milliamperes gave an output of 
about 4 watts or 11 percent effi¬ 
ciency as an unpulsed oscillator. For 
pulsed operation, peak power out¬ 
put in watts increases with peak 
pulse voltage in an essentially lin¬ 
ear manner, with power going from 
about 850 watts to about 2,400 
watts as voltage is increased from 
1,000 volts to 2,500 volts. 


The author wishes to express his 
indebtedness for the assistance and 
encouragement given by Dr. A, J. 
Ruhlig of Naval Research Labora¬ 
tory during the preparation of this 
paper. 

Reference 

(1) Brown, Iluch A., Frequency of Ca- 
pficUance Tuned Lines and Resonant Lina 
Oscillators, Communicationt, May 1945, 


Variable-Frequency Oscillator for 25 

Centimeters 


To INCREASE FREQUENCY in the aver¬ 
age uhf oscillator, the inductance 
and capacitance of the tuned cir¬ 
cuits are decreased. This method of 
frequency control is adequate to 
frequencies of 10 to 60 megacycles, 
but above this range, the induc¬ 
tance of the tube leads and the 
inter-electrode capacities become 
appreciable and eventually, with in¬ 
creasing frequency, the oscillator 
reduces to the tube and its inherent 
capacity and inductance. Above 60 
megacycles, the loss in efficiency 
and power output is due to these 
three main factors : 

(a) Transit time of electrons be¬ 
tween cathode and plate, which in¬ 
creases the effective grid-conduc¬ 
tance of the tube and shifts the 
phase of the plate current with re¬ 
spect to the grid voltage. 

(b) Limitation, by the physical 
structure of the tube, of the extent 
to which the parameters of the os¬ 
cillator circuit can be reduced. 

(c) Increase of power loss in the 
oscillating circuit as a result of akin 
effect; large capacitance charging 
current, which rdSults in large FR 
loss; electromagnetic radiation 
from the circuit; dielectric losses in 
the tube base and envelope. 

In an oscillator constructed by 
George Pihl at Northeastern Uni¬ 
versity and described by H. G. Ryan 
in a paper delivered before the 
Boston AIEE, it was found that 
most of these factors could be con¬ 


trolled by the choice of a proper 
tube. The Western Electric 368A 
was the only commercial tube avail¬ 
able which met the requirements of 
the oscillator as to frequency and 
stable output. This was used in the 
tuned-grid tuned-plate oscillator 
circuit shown in Fig. 1. 

The tuning elements are coaxial 
stubs and a sliding capacitor. The 
use of the stubs results in a neg¬ 
ligible radiation loss since the field 
is confined to the inside of the ele- 



FIG. 1—Cfrcult of 25-cm oscillator lor 
domontfrotton of wovo 9 uld#i and 
rofonont corltlos 


ments, and the high frequency cur¬ 
rent is confined to the inside of the 
lines. This arrangement also sim¬ 
plifies the problem of applying di¬ 
rect voltages to the elements with¬ 
out allowing the high frequency 


currents to flow in the supply lines. 
Using these stubs also eliminates 
body capacity effect. The filament 
circuit also has tuned stubs to iso¬ 
late the high frequency currents 
and to keep the center of the fila¬ 
ment at zero r-f potential. 

The sliding capacitor, used be¬ 
tween the grid and plate for fre¬ 
quency variation, varies the length 
of a i wave section, since at high 
frequencies^ the reactance is very 
small and the capacitor acts effec¬ 
tively as a shorting bar. 

Two WE ballast tubes are used in 
the filament circuit to stabilize the 
current through the filament. Two 
VR160 regulator tubes are used to 
limit the voltage variations in the 
oscillator, since voltage variations 
in a self-excited oscillator are one 
of the main reasons for instability. 


Mountings 

The oscillator tube is mounted on 
an aluminum bracket composed of 
two sections with a semi-circle cut 
in each section of the bracket; the 
completed circle has the same diam¬ 
eter as the tube. The tube flts in 
the hole in a vertical position and is 
rigidly mounted. This method al¬ 
lows convenient mounting of the 
tuning stubs and sliding capacitor. 

The tuning stubs are mounted on 
another aluminum bracket by means 
of a clamping sheet of polystyrene. 
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Bypass capacitors must be used be> 
tween the grid and ground and 
plate and ground. Flanges of suf¬ 
ficient area were soldered to the 
ends of the stubs, and the stubs 
were clamped to a sheet of alum¬ 
inum with a suitable dielectric to 
provide the required bypassing. 

The stubs are 3 inches long to 
tune the oscillator to resonance at 
the desired frequency. The stubs 
consist of sections of coin-silver 
tubing with an outside diameter of 
in. The center conductor is an¬ 
other section of coin-silver tubing, 
O.D. of 0.05 in. 

To provide a low-resistance path 
for the high-frequency current, a 
section of coin-silver tubing was 
arranged to telescope into the main 
tube. This contact tube was slotted 
to compensate for any irregular¬ 
ities in the main tube’s diameter 
and to provide a tight, wide-area 
contact. To connect the outer tube 
to the inner tube, this section of 
tubing was soldered to a brass plug, 
a hole was drilled in the brass plug, 
and the plug slotted to permit a 
sliding fit over the center conductor. 

To provide bypassing, i?-in. 
flanges were soldered to the end of 
the outer tube to provide the neces¬ 
sary capacitance to ground. 

The handles for tuning consisted 
of two brass rods soldered to the 
sliding contacts and brought out to 
a piece of polystyrene rod. These 
rods were fused into the polysty¬ 
rene piece to complete the stub, and 
a brass end plate soldered on the 
outer tube. 

The sliding capacitor was built 
to slide on an extension of the grid 
and plate leads, essentially a short 
Lecher wire system. Alternate 
sheets of copper and mica were 
soldered to two brass sleeves which 
form the sliding contact. The whole 
assembly is mounted on a piece of 
sheet polystyrene. 

To vary the frequency of the os¬ 
cillator over its whole range, the 
capacitor has to be moved only a 
very short distance. At (a) in Fig. 
2 is shown the method of mounting 
it so that rotation of the polysty¬ 
rene shaft moves the capacitor 
along the Lecher wires. 


For stops, a free collar and a 
fixed collar were put on the ?l-in. 
shaft. To the collars, were affixed 
arms that permitted two complete 
revolutions of the shaft, the free 
collar being stopped by a projecting 
screw on the mounting bracket in 
one revolution and the fixed collar 



FIG. 2—At (a) li shown tho sliding 
capacitor and Its mottnling dotoUs. 
Construction of th# tuning stubs Is 
shown ot (b). Tho section of Dotoil 
#3 was tumod down on a Icrtho and 
soldered inside Detail #2 ot the un¬ 
slotted end 

being stopped by a projecting screw 
on the free collar, permitting the 
second revolution of the shaft. 
These two revolutions of the shaft 
give the oscillator a frequency 
range of 10 megacycles at 1600 
megacycles. With this frequency 
range and control, it was found that 
the oscillator fulfilled all the re¬ 
quirements for fine frequency con¬ 
trol and frequency limits. 


Adjustment ond Tuning 


In an oscillator of this type, the 
grid current is the best indication 
of oscillation (the plate current not 
being changed appreciably since 
the losses are rather high). 

To tune the oscillator for oscil¬ 
lation, a low value of plate voltage is 

used and all the tuning stubs set 
at approximately the same position. 
The setting of the plate and grid 


stubs is varied until the grid cur¬ 
rent starts to flow. In an oscillating 
condition, this current will be ap¬ 
proximately 1.4 ma. In a non-oscil¬ 
lating condition, the grid current 
will be negligible. 

Once the oscillator is in an oper¬ 
ating condition, the grid current 
meter is removed from the circuit 
and the filament stubs tuned for 
resonance. This is done by means 
of a crystal rectifier and micro¬ 
ammeter lightly coupled to the 
Lecher wires. A maximum indica¬ 
tion on the microammeter shows 
that the oscillator is tuned to 
resonance. 

In the initial adjustment of the 
oscillator, the capacitor is not 
touched other than to have it at ap¬ 
proximately a \ wavelength from 
the center of the plate. However, 
the oscillator should be slightly de¬ 
tuned so that the output of the os¬ 
cillator is fairly constant. In this 
condition, the capacitor does not 
tune through resonance which 
would increase the output sharply. 


Uses 


This oscillator was built to pro¬ 
vide a means of measuring the Q 
of resonant cavities. In the past, 
the Q of cavities has been meas¬ 
ured by using a fixed frequency and 
tuning the cavities through reson¬ 
ance, varying the cavity dimensions 
to do so, but the Q is changed some¬ 
what by this method since the di¬ 
mensions and input of the cavity 
must be constant and so a true 
curve of the cavity is not obtained. 
With this oscillator, a closer and 
truer picture of cavities can be ob¬ 
tained. 

Another important use of the os¬ 
cillator is to use it in conjunction 
with demonstration wave guides. 
At the frequency of operation 
(25 em), large sections of wave 
guides may be excited and the field 
pattern and distribution may be 
probed, since at 26 cm the guide 
may be 10 inches in diameter. In 
our case, ordinary tinned iron stove 
pipe was used. 
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Stabilizing Frequency of Reflex Oscillators 


Microwave generators can b« 
atsbilized in frequency in several 
ways. The method to be described 
is advantageous in that it is all 
electronic, uses fewer circuit com¬ 
ponents than some methods, and 
incorporates several simplifications 
of the plumbing. Used with a 10- 
kmc oscillator, this circuit main¬ 
tains the frequency within one part 
in 10 *. 

Duplex Heterodyne 

The operating principle can be 
followed through the block diagram. 
Microwave energy from the oscil¬ 
lator enters the main waveguide G 
by way of the probe P and flows in 
the indicated direction. The energy 
is tapped through the first iris Ii, 
which admits a smail amount of 
energy to the upper cavity Ci. This 
cavity has low Q (of the order of 
1 , 000 ) and serves chiefly to isolate 
the subsequent portions of the cir¬ 
cuit from the main guide. 

A fraction of this energy is ad¬ 
mitted to the first crystal X, (such 
as a 1 N/ 2 SB} where it mixes with 
energy from the intermediate-fre¬ 
quency amplifier output (approxi- 
nnately SO me). The resulting sum 
(or difference) frequency is trans¬ 
ferred into the second cavity C« 
through the third iris I» This cav¬ 
ity has a high Q and is used as the 
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frequency reference. The energy 
in the second cavity is coupled 
through the forth iris I 4 to the 
second crystal X, where it is mixed 
with energy from the first cavity 
coming through the fifth iris I.. 
The result is the intermediate fre¬ 
quency, which is returned to the i-f 
amplifier input to produce oscilla¬ 
tion through the systeni at or near 
the intermediate frequency. 

Oscillation occurs only if the mi¬ 
crowave generator delivers suffic¬ 
ient power to the mixer crystals, 
which condition is dependent upon 
the coupling of the irises. Because 
the crystals require voltages of a 
given magnitude for best operation 
as mixers, the irises have optimum 
size, but are not critical. The 
choice of cavity and coupling in the 
upper section should be such as to 
sufficiently attenuate the uhf gen¬ 
erated in the first crystal, so that 
feedback through any channel but 
the high Q cavity is avoided. Using 
the highest possible i-f will make 
attenuation of this uhf easier. 

Critsrie for Otcillofion 

The system will oscillate at the 
nominal frequency of the amplifier 
if the phaseshift through the two 
crystals and the second cavity is 
zero. A change in phaseshift will 
change the intermediate frequency. 
If /, is the original microwave fre¬ 
quency, A is the heterodyne fre¬ 
quency produced in the first crystal 
and to which the second cavity is 
resonated, /• is the nominal fre¬ 
quency of the amplifier, is the 
phaseshift in the second cavity and 
its associated couplings, and 3i is 
the phaseshift in the amplifier and 
its associated elements, then /• s 
/, :±; A and, for oscillation, 8 « + 
S. ss 0 , with the second cavity tuned 
to A- Furthermore, where Qg is 
the loaded Q of the second cavity, tg 
near resonance is 

2(Amg/i^)Q$ 

where is the deviation from 
resonance. By introducing Qg, de¬ 


fined as the equivalent over-all Q of 
the amplifier, S. can be expressed as 

Using these expressions for phase 
shift in the criteria for oscillation, 
selecting the positive sign, and 
simplifying, one obtains an expres¬ 
sion for the frequency deviation of 
the amplifier 

AA Qg f.Qg 


AA Qg fgQg 

If the negative sign is taken, all 
terms of the righthand side of the 
equation are negative. There are 
two other possible combinations of 
signs, but they represent unstable 
conditions. 

For the relationship between fre¬ 
quency deviation of the amplifier 
and the microwave oscillator to be 
independent of the circuit elements, 
Qg must be small; that is, the phase 
changes very little with frequency 
near resonance; Q, can be made 
zero over an appreciable bandwidth, 
which, although not indespensable, 
is desirable. Almost any 80-mc 
radar i-f strip can be adapted for 
the purpose, giving an i-f deviation 
approximately half the microwave 
deviation, which is favorable for 
proper stabilization. Because grid 
current in the amplifier will cause 
noticable detuning, such nonlinear 
elements as Thermistors or Thy- 
rites should be introduced to limit 
the amplitude of oscillations so that 
detuning is unnoticeable. 

Recovery of information from 
the i-f strip is straightforward. 
Any discriminator, separated by a 
buffer stage, supplies sufficient out¬ 
put to control a reflex oscillator. 
The oscillator control completes a 
negative feedback loop from gener¬ 
ator through guide to first cavity 
through the mixers and second cav¬ 
ity to the oscillating i-f amplifier, 
hence through the discriminator 
back to the generator. Phaseshlfta 
throughout this loop must not in¬ 
troduce f-m oscillations in the over¬ 
all system. 
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Frequency modulation can be in¬ 
troduced by injecting the audio-fre¬ 
quency signal through an additional 
mixer between the i-f amplifier and 
the discriminator. The i-f output 
(30 me) is mixed with a frequency- 
modulated auxiliary oscillator (10 
me) ; the resulting difference fre¬ 
quency (20 me) drives the discrim¬ 
inator. Drift in the auxiliary oscil¬ 
lator will, of course, affect the 
microwave oscillator, the micro¬ 


wave deviation being about twice 
that of the auxiliary oscillator. 

The complete circuit is easy to 
adjust and operate. The micro- 
wave components are not critical, 
can be assembled in advance, and 
need no adjustments. The two cavi¬ 
ties can be coupled mechanically for 
tuning. The second or reference 
cavity must have an effective Q 
higher than 10,000 and high 
thermal stability; it is preferably 


constructed from such low expan¬ 
sion alloys as Invar. The coupling 
irises should be small. The ampli¬ 
tude control of the i-f amplifier 
must keep the d-c in the two mixer 
crystals constant. In testing the 
circuit, two oscillators were easily 
kept within 100 cps of each other. 
The circuit was developed while the 
author was with Raytheon Mfg. Co., 
Waltham, Mass, and the inventions 
are assigned to that organization. 


3-Cm Continuous-Range Oscillator 


Design and testing of r-f plumbing 
components in the 8-cm band can be 
greatly facilitated by means of a 
signal generator capable of provid¬ 
ing continuous calibrated tuning 
over the desired frequency range. 
With the laboratory oscillators 
available, it is a very tedious and 
laborious process to plot frequency 
characteristics of a mixer unit or to 
obtain the Q of a resonant cavity. 
The desirable requirement that 
power output remain constant over 
the frequency band involved in the 
measurement procedure is difficult 
to satisfy, inasmuch as the reflector 
potential adjustment for the reflex 
klystron affects both power and 
frequency. 

The system described delivers con¬ 
stant power at any frequency within 
the range of 8,800 to 9,600 me by 
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tuning a calibrated dial to the de¬ 
sired frequency. A precision-cali¬ 
brated tunable cavity is employed 
as a wavemeter to check the tuning 
dial calibration from time to time. 
Once the tuning dial has been cali¬ 
brated, one merely selects the de¬ 
sired frequency increments and 
records the corresponding micro- 
wave power output from the compo¬ 
nent under test. The plumbing 
setup used is shown in the photo¬ 
graph. 

Klystron Operation 

Both the power output and fre¬ 
quency of oscillation of a klystron 
can be adjusted by varying the neg¬ 
ative voltage on the repeller elec¬ 
trode. The tube will oscillate only 
within certain ranges of repeller 
voltage, known as voltage modes. 
Figure 1 shows power output and 
frequency as functions of repeller 
point X to be at ground potential. 
When the oscillator is functioning, 
the emf appearing across the silicon 
monitoring crystal is applied to the 
grid of V, and causes a shift in the 
potential of point X so that it is no 
longer zero, but rather several volts 
positive with respect to ground. 

The next tube V. is a 2D21 thyra- 
tron. Its grid bias is adjusted by 
means of Ri so that the tube is just 
on the threshold of ionisation. 
Thus, a slight positive voltage ap¬ 
pearing across the crystal can cause 


voltage for a type 723A/B klystron 
oscillator. Of the three voltage 
modes shown, the one for the range 
of repeller voltages between -150 
and -180 volts gives the greatest 
power output. Consequently, this 
circuit is designed to deliver volt¬ 
ages within that range to the re¬ 
peller of a 72SA/B. 

The klystron can be tuned over a 
relatively narrow frequency range 
by changing its repeller voltage 
alone; wide changes in frequency 
are obtained by mechanically tuning 
the resonant cavity of the klystron 
and simultaneously adjusti^ig the 
repeller voltage. This simultaneous 
adjustment is not easy to accom¬ 
plish by the most obvious expedient 
of gearing a potentiometer to the 
cavity tuning screw. The exact 
value of repeller potential required 
at any given frequency does not 
coincide exactly to that indicated by 
the curve, but is rather erratic, and 
at the same time, critical. The elec¬ 
tronic system described, automatic¬ 
ally provides the correct repeller 
potential for constant output over 
the entire tuning range. 

Ciroiiif Dmien 

The circuit of the automatically 
controlled repeller voltage supply is 
shown in Fig. 2. Tube Vi is one 
section of a 6J6 connected as a grid- 
controlled rectifier. When no sig¬ 
nal voltage is applied to the grid of 
this tube its quiescent output causes 
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FIG. 2—Circuit of tho automatically con- 
Irollod ropollor roltago syitora includot 
grld-controllod roctUior. control thyrotron. 
and roloxation oscillator thyratron 

this thyratron to fire with the result 
that point Y becomes about 200 
volts positive with respect to 
ground. 

The last tube Va is also a 2D21 
thyratron. It serves as a relaxation 
oscillator to generate negative¬ 
going sawtooth waves of about 1 
cps frequency and with a peak nega¬ 
tive amplitude adjustable by means 
of Ra to the vicinity of 200 volts. 
For most 728A/B tubes, the repeller 
voltage range for the fifth mode will 
be approximately from 150 to 190 
volts. The exact value of repeller 
voltage is obtained by halting the 
generation of sawtooth waves. Sup¬ 
pose that the relaxation oscillator 
attempts to develop a negative saw¬ 
tooth having a tfegative amplitude 
of about 200 volts. Also, assume 
that the klystron will operate only 
in the fifth mode and that for a par¬ 
ticular adjustment of the cavity 
screw, maximum r-f output will 
occur at -165 volts. 

Now, as the negative sawtooth 
approaches 165 volts, the klystron 
begins to deliver microwave power 
and a positive emf appears across 


the monitoring crystal. This occur¬ 
rence upsets the balance of point X 
with respect to ground so that a 
positive voltage is impressed upon 
the control grid of V,. If R, is so 
adjusted that this tube is near its 
threshold of firing, the emf de¬ 
livered by the crystal will continue 
to increase, as will the positive vol¬ 
tage impressed on the thyratron 
grid. At some value of microwave 
poAver close to the optimum for fifth 
mode operation, V, will fire and 
cause point Y to suddently become 
positive with respect to ground. The 
sawtooth is thus caused to reverse 
and to go in the positive direction, 
resulting in a decrease in the output 
of the klystron. Consequently, the 
control thyratron deionizes and al¬ 
lows the relaxation oscillator to 
again begin generating a negative 
sawtooth. As before, the klystron 
output increases, causing V- to fire, 
and the cycle of operation is re¬ 
peated. 

Once the system has searched for 
and found the region of optimum 
repeller potential, the subsequent 
small oscillations about this poten¬ 
tial are of very minute amplitude, 
less than 0.1 volt. Variation in the 
klystron oscillator frequency with 
respect to repeller voltage is about 2 
me per volt. Therefore, the hunting 
action of V, produces deviations in 
klystron frequency of only 0.2 me, 
of negligible importance in the 
vicinity of 9,300 me. 

Praliminary Adjutlment 

The 0-1 d-c voltmeter connected 
across the monitoring crystal indi¬ 
cates oscillation and is handy for 
the initial tuning up of the system. 
A 300-0-300 volt midget type power 
transformer is used with the 6.3- 
volt filament winding connected to 
the filament supply. The conven¬ 
tional 120-volt primary winding is 
unused. 

As previously mentioned, point X 
should be at zero potential with 
respect to ground with no signal in¬ 
put to the 6J6 grid. This voltage 
should be measured with Ra discon¬ 
nected. If this condition is not ob¬ 
tainable, either R* or Rb should be 
changed from the values designated 


in the schematic diagram. A 
vacuum-tube voltmeter should be 
connected from the repeller voltage 
output to ground and with Va re¬ 
moved from its socket, R. should be 
adjusted to yield a sawtooth voltage 
having a negative peak of approxi¬ 
mately 200 volts. This voltage can 
be easily observed on the vtvm, inas¬ 
much as the sawtooth frequency is 
about 1 cps. Next, with all tubes in 
place, adjust Ra until the needle of 
the vtvm ceases to fluctuate, then 
back off just sufficiently to permit 
oscillation of the relaxation oscil¬ 
lator. It will now be found that a 
slight positive potential impressed 
upon the 6J6 grid will prevent oscil¬ 
lation of the 2D21 relaxation oscil¬ 
lator. The sawtooth will “freeze"' 
somewhere in the vicinity of 100 
volts. If the repeller voltage output 
is now connected to the klystron re¬ 
peller and the monitoring crystal is 
connected to the input, the system 
should be immediately operative. 
Figure 3 shows how the repeller 
voltage is automatically controlled 
to produce nearly constant micro- 
wave power output while the kly¬ 
stron is mechanically tuned. 

The dial should be calibrated by 
means of the cavity wavemeter 
which is always available for check¬ 
ing the frequency. The attenuating 
section should be adjusted so that a 
0-100 microammeter can be used in 
conjunction with the output crystal. 
It will then be found that negligible 
reaction exists between the compo¬ 
nent under test and the amount of 



FIG. 3—As ths Ufslroa eovity Is msdiaa* 
ically hmsd, ths outomotle eenlrsl varies 
potsntSol OB rspollsr as shown by upper 
curve to provide fairly coastOBl power 1^ 
dleated by curve below 
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energy flowing through the wave¬ 
guide. An added refinement would 
involve a combination of resistors 
and tuning stubs such that the 
standing wave ratio throughout the 
guide would be at a minimum. How¬ 
ever, it was observed that this con¬ 
dition is approached sufficiently for 
the purpose by employment of the 
single attenuating section. 

Mode Selection 

The searching range covered by 
the relaxation oscillator is such that 
with 250 volts applied to the kly¬ 
stron resonator, there will be little 
opportunity for operation in a mode 
other than the fifth. If the 723A/B 


shows a tendency to jump to the 
fourth or sixth mode, as evidenced 
by an abrupt change in the tuning 
calibration, this effect can be cor¬ 
rected. Operation in the fourth 
mode can be rendered impossible by 
backing R, away from the threshold 
of firing of Vj, thus making neces¬ 
sary the stronger input from fifth 
mode operation to actuate this tube. 
Operation in the sixth mode can be 
halted by adjusting Ra so that the 
peak amplitude of the negative saw¬ 
tooth will not be high enough to sup¬ 
port sixth mode operation. How¬ 
ever, with most 723A/R tubes, this 
trouble will not be encountered, and 


it is a simple matter to record the 
frequency characteristics of a 
plumbing unit. 

Two power supplies are required: 
one to deliver 300 volts at 10 ma, 
and the other, stablized with respect 
to line voltage fluctuations, to 
furnish 250 volts at 30 ma. The 
300-volt supply is employed as a 
source of negative potential for the 
klystron repeller and the relaxation 
oscillator and for bias voltages for 
the two thyratrons. The 250-volt 
supply furnishes positive voltage 
for the various electrodes in a con¬ 
ventional manner and also powers 
the klystron resonator electrode. 


Bolometer Amplifier 

Compact tuned amplifier designed for use with bolometer or crystal microwave de¬ 
tectors uses high-Q toroid coils to obtain narrow pass band and high gain. Sensitivity 
approaches thermal noise and gain is adequate for use with a suitable voltmeter 

By 0. 0. KING, JOHN TAYLOR and W. H. FAULKNER Jr. 


A STANDARD arrangement for 
detecting microwave signals 
makes use of a bolometer or crystal 
detector whose output is fed 
through an amplifier and thence to 
a voltmeter. Crystals permit the 
use of an unmodulated source of 
micrpwave energy; then modulation 
usually is inserted at the amplifier 
input before amplification. In case 
a modulated source is used, the 
crystal or- bolometer output can be 
coupled to an audio amplifier. The 
amplifier de.scribcd was specifically 
designed for use with modulated 
signals. 

The principal requirements for 
such an amplifier are: linear re¬ 
sponse over the full range of am¬ 
plitudes to be handled; adequate 
gain; minimum noise level. 

The first of these requirements is 
easily fulfilled over a voltage range 
of 80 db with standard design prac¬ 
tice and adequate plate voltage. 
Likewise, the proper number of 
stages of amplification will furnish 
sufficient gain to drive any volt¬ 


meter. The fundamental limitation 
rests in the noise level. 

In designing the present ampli¬ 
fier several precautions were taken 
to minimize the noise level. Band¬ 
pass amplifiers have long been used 
for this purpose; usually an RC 
network serves to peak the ampli¬ 
fier response. As may be seen on 
the circuit diagram in Fig. 1, the 
response of the amplifier described 


is determined by a tuned load in 
each plate circuit. Toroids with 
Poly iron cores are used as induc¬ 
tors. Several advantages accrue 
from this de.sign. 

In the first place, the toroids 
have a high Q of 60 which yields a 
very narrow pass band with the 
simple.st circuit. The frequency 
response of the amplifier is shown 
in Fig. 2. The large effective plate 



FIQ. 1—^Tuii«d plot* lood cttcultB us* toroid Inductors hovlnq Polylron coros. Tho 
roloy at tho left disconnects the bolometer battery circuit when the tube llloments 

ore turned off 
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FIG. 2 — AmpUlitr ir«qu«icy-r«apoiiM 
cnrra ahewi a bandwidth of lota than 
twontr ejcloa ot a point 3 db down from 
aModmum vaoponaa. Thla high ooloctlTity 
roanlta from tho uao of tho hlgh-Q tofoida 

load also permits full utilization of 
the tube gain. Toroids are insen¬ 
sitive to outside fields; hence no 
particular precautions need be 
taken in mounting them. The cir¬ 
cuit with constants as shown in the 
diagram yields a voltage gain of 107 
db with a pass band as shown of 
lass than 20 cycles at 1.09 kc. 

The circuit given uses a center- 
tap connection to the tube plate. An 
increase in gain of some 6 db per 
stage is obtained by connecting the 
plate to the top of the toroid. The 
pass band then appears to be very 
slightly increased. Since the am¬ 
plification is adequate, the center 
tap was used in this instance. 

A further reduction of band¬ 
width may be obtained by inserting 
more tuned circuits. However, this 
approach imposes severe frequency 
stability requirements on the modu¬ 
lator of the source without a com¬ 
mensurate improvement in the 
noise level. The rms noise voltage 
from a resistance R at an absolute 
temperature T je given by 
K= 7 . 41 xlO-“(rieA/)* where A/ is 
the frequency band. The square- 
root term in the formula shows that 
a reduction in band from, say, two 
percent to one percent is relatively 
unprofitable. On the other hand it 
is essential that the band exclude 60 
cycles and its principal harmonics. 

Having eliminated noise sources 
outside the chosen frequency band, 


it remains to reduce contributions 
at the modulation frequency. Since 
bolometers require a d-c source, the 
input circuit is complicated by the 
presence of a battery and milliam- 
meter. As shown in Fig. 1, a relay 
is also provided to open the bat¬ 
tery circuit when the tube filaments 
are switched off. It was found that 
a 1,000-fLf capacitor in parallel with 
these components reduces the noise 
level. Leads in the input circuit are 
kept short, shielded, and close to 
the chassis. This last precaution 
minimizes ground loops in the low- 
impedance input circuit 

The only resistor in the input cir¬ 
cuit is in the cathode of the first 
stage. Its value is not critical but 
it must be wire-wound. Carbon re¬ 
sistors carrying current become 
noisy after a period of service. 

Another difficulty inherent in a 
high-gain tuned system is that of 
microphonic resonances. A particu¬ 
larly effective tube shield against 
microphonic resonances is used in 
this amplifier. Instead of screwing 
a shield can over the shock-mounted 
tube, the shield forms an integral 
part of the metal tube. This con¬ 
struction is accomplished by filling 
in the space between the tube en¬ 
velope and shield can with Wood’s 
metal. Tne resulting heavy unit is 
extremely insensitive to microphon¬ 
ics. The low melting point of the 
metal filler makes tube changes rela¬ 
tively easy. 

The particular unit described is 
designed for use with a Ballantine 
voltmeter. In this service the per¬ 
formance data are given in Table 1 . 

The resistance of the bolometer 
is roughly 200 ohms. Taking the 
operating temperature as 400 K and 
substituting in the equation, one 
obtains a value of noise approxi¬ 
mately equal to 10'* volt Evidently 

the theoretical limit of performance 
has been approached. Comparison 
with a thermistor bridge and cali¬ 
brated attenuator indicates that 
the minimum detectable microwave 
power at 8000 me is of the order of 
10 ** watt for the bolometer. The 
crystal is substantially more sensi¬ 
tive, of course. 


Table I—^Amplifier Performance 
Dota 


Type of Input Noitte I^vcl in db 

(0 db 1 volt) 

Short Circuit 

-160 db 

Bolometer (10 tua Littel- 
fuae) carrying 10 ma 

-155 db 

Cry.Ul (1N21B) 

-USdb 

Gain 

107 db 

Maximum Output 

100 V 


Measurements were made of the 
amplifier output as a function of 
microwave input to a bolometer. 
For this purpose, an attenuator was 
used which consisted of a wave¬ 
guide operated beyond its cutoff 
frequency and calibrated in terms 
of a Ballantine voltmeter. From the 
measurements obtained, amplifier 
output was found to vary linearly 
with bolometer input. 

Various noise levels were meas¬ 
ured with a 0 to 1-ma recording 
milliammeter. This measurement 
was made by coupling the a-c out¬ 
put of a Ballantine meter to the re¬ 
corder through a copper-oxide 
bridge rectifier. With the amplifier 
input short-circuited and carrying 
no current, the noise level at the 
input was found to be about 
0 .6x10 * volt. This voltage re¬ 
mained practically unchanged when 
a direct current of 10 ma flowed 
through the short-circuited input 
When a bolometer carrying no cur¬ 
rent was connected to the amplifier 
input, the noise increased to about 
1.0 X 10'* volt Noise of about 1.4 x 
10 '* volt was measured when the bo¬ 
lometer carried 10 ma. 

Considerable improvement in the 
signal-to-noise ratio is obtainable 
with adequate rapidity of response 
for most applications through the 
use of several microfarads of shunt 
capacitance. 

The presence of a signal increases 
the apparent noise, hence the volt¬ 
age levels given above were meas¬ 
ured with the aid of an attenuator 
in the output circuit A signal of 
10 '^ volt is, however, well above 
the noise on the meter, or on the 
recorder using no shunt capacitor. 
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Piston Attenuator 

Deviation from ideal attenuation at any frequency in vhf, uhf, and shf bands 
is given directly on nomograph for piston diameters from 0.25 to 4 inches 

By RAYMOND E. LAFFERTY 


P ISTON ATTENUATORS are used 
as variable attenuators in 
the very high, ultrahigh, and 
superhigh frequency bands. The 
attenuation per unit length is 
linear when calibrated in db and 
may be computed from theory' 
when the physical dimensions 


and mode of operation are 
known. 

Although there is some varia¬ 
tion of attenuation with fre¬ 
quency in all piston attenuators, 
this error can be minimized by 
proper selection of frequency 
range and pipe diameter. The 
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accompanying nomograph gives 
directly the extent of this atten¬ 
uation error, as a convenient 
guide for the design of new at¬ 
tenuators. The TEt,i scale is for 
the mutual inductance type of at¬ 
tenuator with coplanar coils, and 
the Tilfo.i scale is for the mutual 
capacitance type. 

To use this chart, locate the 
pipe diameter on the scale for 
the proper mode, place a 
straightedge on this value and on 
the frequency value (center 
scale), and read the percent of 
ideal attenuation where the 
straightedge intersects the 
righthand scale. Multiplying 
the ideal attenuation (see bottom 
of chart) by this percentage 
factor gives the true attenuation 
in db per radius for the given 
frequency. 

Example: A signal generator 
uses A TEt, I half-inch diameter 
piston attenuator. The frequency 
range is from 1,000 to 8,000 me. 
What is the attenuation over this 
range? At 1,000 me the attenu¬ 
ation is 16 times 0.9974, or 15.96 
db per radius. At 3,000 me it is 
16 times 0.976, or 15.62 db per 
radius. This is a variation of 
approximately 0.33 db for each 
radius of travel (0.25 inch) of 
the piston. If the piston travels 
1.5 inches from the 0-db starting 
point the difference in attenu¬ 
ation between the frequency 
limits will be approximately 2 db. 
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Standing Wave Meter 

The power reflections caused by mismatch at the junction of waveguide components 
are measured automatically hy a device which gives a direct meter indication of the standing 

wave ratio 

By HEINZ E. KALLMANN 


T he meter to be described is an 
automatic standing wave de¬ 
tector of moderate accuracy designed 
for quick and simple operation in 
situations such as production tests 
and adjustments of microwave equip¬ 
ment. It has proved helpful in a sur¬ 
vey of the effects of various param¬ 
eters on the matching of a waveguide 
transition. The study was typical of 
the many cases where only the stand¬ 
ing wave ratio is wanted, not the po¬ 
sition of the maxima and minima. In 
this device the problem is simplified 
by providing a constant and matched 
source of microwave power. It is 
then only necessary to know the dif¬ 
ference between the maximum and 
minimum amplitude, which is pro¬ 
portional to the amplitude of the re¬ 
flected power. If a mechanism peri¬ 
odically moves the position of the 
standing wave detector probe past 
the position of the maxima and min¬ 
ima or vice versa, then a peak-to- 
peak voltmeter fed by the detector 
will yield readings directly propor¬ 
tional to reflected voltage Er* With a 
given input the meter may be cali¬ 
brated in voltage standing wave 
ratio. from = {Eo + Er)/ 
(E, ~ Er). 

Standing wave minima are spaced 
at intervals of half a guide wave¬ 
length ; relative movement of 
the probe and minima by at least 
\g/2 will thus insur^ that at least 
one maximum and one minimum are 
passed by the probe wherever they 
happen to be in relation to the posi¬ 
tion of the probe. To assist the per¬ 
formance of the peak voltmeter cir¬ 
cuit, however, it is preferable to in¬ 
crease the relative movement of the 
probe and standing waves from one- 
half guide wavelength to two or 
more guide wavelengths. 

To simplify the design of the mi¬ 


crowave components, the probe is 
mounted in a fixed position and its 
electrical distance from, the load 
varied by means of a periodical line 
stretcher, in this case a strip of low- 
loss dielectric periodically dipped 
into the guide through a slit in its 
top wall. Insertion of a dielectric is 
equivalent to an increase of the guide 
vddth, thus reducing the guide wave¬ 
length X„. The arrangement used 
for a guide of 0.6 x 0.25-inch outside 
dimensions is sketched in Fig. 1; it 
offers a long taper of the dielectric 
in a small space. The guide is bent, 
in the E plane, to U shape with an 
outside diameter of 2i inches. A 
central slit 0.092 inch wide is cut 
along the curved inside part of the 
U. Into this slit dips the edge of a 
circular polystyrene disk, 0.076 inch 
thick, which is mounted 0.10 inch 
off-center on the spindle of a small 
30-rps motor (not shown). The con¬ 


figuration of a U-shaped guide and 
circular disk makes a very slim taper, 
minimizing the discontinuities and 
thus the reflection; bevelling of the 
dielectric disk further minimizes the 
discontinuities. When the motor ro¬ 
tates, the eccentric rim of the poly¬ 
styrene disk periodically penetrates 
the center of the U guide nearly to 
the opposite wall and is withdrawn 
to the edges of the slit. 

The sketch of Fig. 1 shows strips 
of lossy material, such as conducting 
rubber, cemented along the edges of 
the slit to absorb radiation through 
it and also small pieces of lossy mate¬ 
rial, such as molded polyiron powder, 
wedged into the ends of the slit. The 
latter are needed to absorb slot 
waves, spurious standing waves set 
up between the two edges of the slit 
as on a balanced line. 

The main limitation to the accur¬ 
acy of the meter is imposed by re- 



FIG. 1—^MeosttrMMat probe (left ol center) and eccentric dielectric rotor which dips 
through a elot la the U-ehaped wore guide when driven by a ■moll motor. Thki 
iasertioa ol o dielectric gives the effect of oltemotely stretching the guide to o 
greoter length and returning It to Its orlgtnol dlmensloa 
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FIG, 2—Prob* and cryital detector lor moaiuring magnitude of power reflections. 
At (A) the crystal Is coupled by means of on E-plane tee. whereas ot (B) a coaxiol 
coupling and wire probe ore employed 


flections from the point where the di¬ 
electric dips into the waveguide. 
Direct reflection of oscillator power 
at this point is observed as residual 
standing wave ratio even if the load 
is perfectly matched. Furthermore, 
waves reflected from an unmatched 
load are reflected forward again at 
this point. Second reflections at the 
load interfere constructively or de¬ 
structively with the first ones, de¬ 
pendent upon the distance between 
line stretcher and load. The larger 
the mismatch at the line stretcher, 
the more does the observed standing 
wave ratio vary around the proper 
value. Oscillator mismatch that 
might alfect the accuracy of the 
measurement is usually kept low by 
padding. 

Crytfol Datactar 

The probe is placed immediately 
before the line stretcher. It couples 
a crystal detector to the waveguide 
with about 16 db attenuation, assum¬ 
ing a power level of about 1 milli¬ 
watt at this point of the guide. The 
crystal may either be coupled in by 
an E-plane tee with a slot 0.050 
inch wide across the whole width of 
the 0.040-inch guide wall, as shown 
in Fig. 2A, or by means of a coaxial 
coupling between the main and a 
short auxiliary guide consisting of a 
0.020-inch wire probe in a hole 
0.060 inch in diameter, as in Fig. 
2B. The coupling should be non- 
directional, but imperfection in this 
respect will not affect the result. 

The crystal detector is operated 
substantially without load. It can be 


shown that under this condition and 
for the relatively high power level 
in this device, it acts as a linear de¬ 
tector. 

The amplifier and voltmeter cir¬ 
cuit are shown in Fig. 3A. All plates 
are fed with about 250 volts, with 


very low ripple, from a regulated 
power supply (Fig. 3B) employing a 
Thyrite bridge; total current drawn 
is 3 milliamperes, exclusive of that 
for the microwave oscillator. The 
first amplifier stage, a pentode, and 
the second stage, a triode, provide 
about 70 db gain in a conventional 
audio-frequency design; the re¬ 
sponse extends low enough to mini¬ 
mize phase distortion at 30 cps. The 
amplifier feeds into a voltage-dou¬ 
bler rectifier employing a double 
diode. 

The reading of the meter is unaf¬ 
fected by the distance of the load 
only to the extent that its rectifier 
circuit approximates a perfect peak 
rectifier, that is, one whose output is 
independent of the shape and spac¬ 
ing of the peaks. In particular, load¬ 
ing of the rectifier is undesirable 
since it affects mainly the shape of 
the peaks. To minimize this effect. 
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regulotsd power supply (B) used to operate the unit 
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FIG. 5~Voltog»^oubUr rtcttflM drcultt. At (A) li ahown a full-wava doublar, with 
o hall<woT« circuit ot (B). Thu circuit at (C) combiuM odTontogM ol both typos 


very high load resistances are neces¬ 
sary which entail long time con¬ 
stants and slow meter response and 
whose insulation is difficult. To ease 
these requirements without sacrifice 
in accuracy, the following steps were 
taken. 

Instead of the required minimum 
of a half guide wavelength, the line 
was stretched periodically by two or 
more guide wavelengths. The effect 
is illustrated in Fig. 4 where the 



FIG. 4—Tho olloet ol chouglag Buo loagfh 
os indicotod by tho signal ot tho probo. 
Roundod pooks occur whon tho liao 
strotchor rOTorsos Its action 

sine-shaped curve represents the 
change of line length A,/X, as a func¬ 
tion of time t for one turn of the 
motor in 1/30 second. Since the 
change extends over two whole guide 
wavelengths, the signal at the probe 
will then be the same as if the ampli¬ 
tude had changed about four times 
as often back and forth between one 
minimum and the next maximum 
with the average frequency / ap¬ 
proximately equal to 120 cps, as 
shown in the zigzag curve of Fig. 4. 

Round peaks occur in the zigzag 
curve whenever the line stretcher re¬ 
verses its action; their height de¬ 
pends on whether this happens near 
a maximum or minimum, or in be¬ 
tween—that is, on the position of 
the load. The sharp peaks of the 
zigzag curve, on the other hand, are 
unaffected in height and shape by 
the position of the loadi The larger 
Ai/X„ the more shar^ peaks are in¬ 
terposed between each two round 
peaks and the less will the response 
of an imperfect peak voltmeter be 
affected by the varying height of the 
latter. It can be seen that deforma¬ 
tion of the U-shaped guide or of the 
circumference of the polystyrene disk 
merely affects the spacing of the 
sharp peaks but does not affect their 
number or their height 


RaetMler Cirealt 

There are two main forms of the 
voltage-doubler rectifier, the full- 
wave doubler of Fig. 5A and the 
half-wave doubler of Fig. 5B. Both 
yield the same output—twice the 
peak-to-peak voltage. They differ in 
that the former draws energy evenly 
from both the positive and negative 
peaks of the supplied oscillations, but 
does not permit of both single-ended 
input and output without the help 
of a transformer; the opposite is 
true for the half-wave doubler. 

The circuit of Fig. 6C was de¬ 


veloped by combining most of the 
relevant advantages of both Fig. 6A 
and Fig. 5B. It differs from that of 
Fig. 5A only in that one output ter¬ 
minal is grounded through resistor 
i ?9 which is too large to affect the 
operation of the rectifier circuit. 
The new circuit has single-ended in¬ 
put and output; it still yields fully 
twice the peak-to-peak voltage for 
any load resistance which is large 
compared with Rt -f It provides 
approximately even loading of both 
the positive and negative peaks as 
long as Rt is large, and offers a die- 
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FIG. 7—Ccdlbralioii oi th« motor dial in 
torau ot Tollago ■landing war* ratio 


tinct improvement in the accuracy 
of the standing wave meter. In the 
circuit of Fig. 3, this voltage-doub¬ 
ling rectifier employs a value of 2 
megohms for jRi. 

Two further refinements tested 
and used in more elaborate equip¬ 
ment were not needed in the simple 
unit here described. The second am¬ 
plifier stage in Fig. 3 was replaced 
by the two stages shown in Fig. 6, 
Replacing the amplifier triode by a 
pentode increases the sensitivity by 
about 20 db without reaching the 
limits of instability or circuit noise. 



no. Voltove slOBdlBg wove ratio ob¬ 
served on the meter in eomporlsoa with 
measurements by means of a standard 
bolometer. Verdool lines Indleate the 
spreod of die leodlngB 


In addition, this amplifier stage was 
coupled to the voltage-doubler recti¬ 
fier via a cathode-follower stage with 
the low output impedance of 
approximately equal to 500 ohms so 
that the deformation of the voltage 
peaks due to rectifier loading was 
further reduced. 

The output of the voltage-doubler 
rectifier is of the order of 100 volts 
for full scale, but is of such high im¬ 
pedance that direct measurement 
with a d-c voltmeter is undesirable. 
It is, therefore, transformed down 
to a more convenient impedance 
level by means of a cathode-follower 
tube. Due to the degenerative re¬ 
sistance of 0.1 megohm in its cath¬ 
ode circuit, the plate current of this 
triode is strictly proportional to its 
grid potential, with an effective 
mutual conductance of 10 microm¬ 
hos. A bleeder resistance from 
B + to its cathode holds the stand¬ 
ing plate current to cutoff. 

Any meter system with a sensitiv¬ 
ity of 1 milliampere for full scale de¬ 
flection may be used. Its scale is 
calibrated according to the curve of 
Fig. 7; voltage standing wave ratio 
= (1 -h Er)/{1 - Er), if full scale 
(100 percent) is to indicate an infin¬ 
ite ratio. The detector characteristic, 
amplifier, and rectifier may all be as¬ 
sumed as linear. 


ComparltoR With Bolomofar 

The calibration thus computed was 
checked for various loads against a 
standing wave detector employing 
a standard bolometer, with results 
as in Fig. 8. A load with a standing 


wave ratio adjustable from 1.02 to 
greater than 70 was built, as shown 
in Fig. 9, consisting of a choke-type 
metal plunger movable in a high-loss 
waveguide, molded of polyiron pow¬ 
der. A slotted-section line stretcher 
inserted between this calibrated load 
and the matchmeter was varied and 
the variations in the meter readings 
noted. Short lines straddling the ex¬ 
pected straight line are marked in 
Fig. 8, indicating the range of these 
variations. The deviations never ex¬ 
ceed plus or minus 10 percent of the 
correct standing wave ratio and, in 
most cases, are much less. The error 
is typical for reflections between 
line stretcher and load; it seems low 
considering that there were two 
choke-flange joints and that the poly¬ 
styrene disk of the tested instrument 
did not even have a bevelled edge. 

Circuit Elemeuts net Critical 

The assumption of a linear over¬ 
all characteristic was thus confirmed. 
Changes in gain with aging have 
thus no influence on the calibration 
provided it is set to full scale for 
71* = 00 . Adjustment may equally well 
be made by control of the input 
power or by a voltage divider (not 
shown) in place of the grid resistor 
of the first amplifier stage. 

No tuned or frequency-sensitive 
parts are used. All circuit compo¬ 
nents are of standard type and toler¬ 
ance. The instrument as described 
can easily be built into an 8-inch 
cube using standard components. No 
more space is needed even if the 
microwave oscillator is included, fed 
from the same power supply. 



FIG. 9—^ArUst'c dtawlag oi on adlustoblo ■landing war* ratio load mod in callbrottng 
iho motor ao ihown in Fig. 8 
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Analysis of Full-Wave Rectifier and 
Capacitive-Input Filter 

Some simplifying assumptions make it possible to express results in terms of two general 
parameters. Data are presented for tube angles, output voltage. ri[)ple. and peak tube cur¬ 
rents. Filter resonance, pulsed current, and continuous current operation are included 


T he full-wave rectifier circuit 
with a capacitive-input filter i.s 
probably the most common of all 
rectifier circuits. 

Freeman and Terman’ have mad.) 
an analysis of this circuit usin^^ as 
their chief assumption the idea that 
the filter inductance was infinitely 
large. They have presented curves 
which could be used in the design of 
the rectifier and filter circuit, but 
unfortunately the curves are valid 
only at lighter loads and at one 
frequency, that of sixty cycles per 
second. Stout" made an analysis 
which presented the waveforms in 
the circuit but gave no characteris¬ 
tic curves suitable for use in de¬ 
sign, while Mitcheir assumed an 
infinitely large inductance in his 
analysis. 

This paper presents the results of 
an investigation made to determine 
the effects of a finite filter induct¬ 
ance on the operation of the recti¬ 
fier and filter circuit. The results 
may be used in the design of the 
rectifier and filter circuit for any 
frequency and witfi any load from 
open circuit to short circuit. 

The analysis of the circuit was 
made using the newly developed 
steady-state oyierational calculus'. 
It was found that approximate 
values of the portion of a cycle that 
each tube was conducting would be 
helpful in the analysis, and these 
were obtained by setting up the cir¬ 
cuit and observing the tube cur- 
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rents by means of a cathode-ray 
oscilloscope. With these approxi¬ 
mate values as a starting point, the 
exact portion of each cycle that the 
tube was conducting could be de¬ 
termined from the analysis. 

The schematic diagram of the 
rectifier and filter circuit is shown 
in Fig. 1. Tube T, conducts during 
the first half cycle of the applied al¬ 
ternating voltage and charges capa¬ 
citor C, almost to the peak value of 
the alternating voltage. 

Current flows from capacitor Ci 
through the filter inductor L to 
charge capacitor C«. The load resis¬ 
tor R has the same voltage as the 
second capacitor C,. During the 
second half cycle of the alternating 
voltage, the second tube con¬ 
ducts, and capacitor C^ is charged 
again to repeat the process. The 
filter may be thought of as a low- 
pass filter which passes direct cur¬ 
rent but greatly attenuates the al¬ 
ternating currents. 

To make a mathematical analysis 
feasible, certain simplifying as¬ 
sumptions are necessary: 

(1) The transformer and filter- 
inductor resistance is zero. The 
tube resistance is zero when it is 
conducting. 

(2) The leakage reactance of the 
transformer is zero. 

(3) Both filter capacitors have 
the same capacitance. 

The errors caused by the first of 
these assumptions will be corrected 


for in a manner to be described. 

Two equivalent circuits were 
used a.s shown in Fig. 2. Wlicn 
the tube is conducting Fig. 2A ap- 
plies, while Fig. 2B should be usi*d 
when the tube is not conducting. 
The equations for the currents and 
voltages in the circuits were set 
up and then solved by the use of the 
steady-state operational calculus. 
The solution showed that the tube 
conduction angle y one tube cU‘- 
pends only on the two independent 
variables ixi'LC and where o) is 



and filter 



FIG. 2—Equlvolent dreuiti oi the recti* 
tier and llUer. (A) tube conducting; (B) 
tube not conducting 
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2:: times the supply frequency. L 
is the inductance in henries of the 
filter inductor, C is the capacitance 
in farads of one filter capacitor, 
and R is the resistance in ohms of 
the load resistor. Tho variable 
(i)7vC may also be regarded as the 
ratio of the reactance of the filter 
inductor to the reactance of one 
filter capacitor, while coC/? is the 
ratio of the load resistance to the 
reactance of one filter capacitor. 
The solution showed furthermore 
that all characteristics of this rec¬ 
tifier circuit depend on these two 
variables alone. 

Filter resonance seems to occur 
at (i) LC — 0.5, for then the sum of 
the reactances of the two filter ca¬ 
pacitors and of the inductor is zero. 
This assumes that the reactances 
are calculated at the fundamental 
ripple frequency which is twice the 
supply frequency. The problems of 
practical importance at present al¬ 
ways have wXC fifreater than 0.5 
and for this reason it was decided 
to use 0.6 as the lowest value of 

Two special cases of the general 
solution were considered separately 
because of the significance of the 
results. The first of these is that 
for u)‘LC infinitely large which im¬ 
plies that the filter inductance is 
infinitely large and that the cur¬ 
rent through the inductor has zero 
ripple. 

The other special case might be 
called the non-cutoff or the continu- 
ou.s-ciu rent case in that each tube is 
conducting 180 degrees and the cur¬ 
rent entering the filter never cuts 
off or drops to zera. The current in 
each tube is stopped by conduction 
starting in the other tube, and a 
form of commutation between the 
tubes is set up in which the current 
switches from one tube to the other 
and back again. 

The main problem for this second 
special case is not that of finding y 
which is known to be 180 degrees, 
but that of finding the boundary 
or dividing line between the cut-off 
or pulse-current and non-cut-off or 
continuous-current cases. In the 
analysis it was found that the 
boundary occurred at approximately 
(oC/? = 0.6 with the continuous- 


current case occurring for smaller 
values of inCR and the pulsed-ciir- 
rent case for larger values of mCR. 

The characteristics of the cir¬ 
cuit that are of the most use in the 
d(?sign of the circuit and predeter¬ 
mining its properties are the tube 
angles, the average output voltage, 
the ripple, the peak and average 
tube currents, and the peak inverse 
voltage on the tubes. 

The angle y during which the 
tube conducts is presented in Fig. 
as a function of orLC for various 
v'alues of (oC/?. For a fixed value of 
urLC this angle varies from zero 
degrees at open circuit (wCi? in¬ 
finitely large) to 180 degrees for 
the continuous-current case which 
includes values of <i^CR from ap¬ 
proximately 0.6 to zero (sho' t cir¬ 
cuit). With inCR fixed, the angle 
Y varies little for values of co LC’ 
above ten, but for m'LC less than 
ten the variation is considerable, 
especially as filter resonance is ap¬ 
proached (to’LC *— 0.5). 

The angle at which the tube 
stops conducting is pre.sented in 
Fig. 4 and the manner of variation 
is similar to that for angle y. For 
a fixed value of od’LC, angle u varies 
from ninety degrees at open-cir¬ 
cuit to 180 degrees for values of 
coC/2 from approximately 0.6 to 
zero (short circuit). The angle 
a at which the tube starts conduct¬ 
ing may be found by the use of the 
relation, a ::r (3 ~~ v. Increasing the 
load of the rectifier circuit has tho 
effect of increasing both angles 
and y, while a is decreased. The 
effect of approaching resonance in 
the filter is similar in that angles 
[i and y are increased, while a is 
decreased. 

One of the most important char¬ 
acteristics of a rectifier circuit is 
the average output voltage. This 
voltage may be obtained from the 
ratio of the average output voltage 
to the maximum value of the sinu¬ 
soidal voltage across one-half of the 
transformer secondary, The 

ratio E 4 </E,„ is given in Fig. 5 as 
a function of <j)=LC for various val¬ 
ues of o)C/2. For a fixed value of 
a>*LC, the ratio decreased from a 
maximum of unity for uiCR infin¬ 
itely large (open circuit) to 0.687 


for uiCR e<iual approximately to 0.6. 
For values of mCR from 0.6 to 
zero {short circuit) the conlinuous- 
current case applies, and E.,.IE,„ = 
0.637. The voltage ratio E.,.. E„. 
varies little for large values of 
(•) LC, but changes considerably as 
10 LC approaches the resonance 
value of 0.5. Both increasing the 
load and approaching filter leso- 
nance have a similar etfect, that of 
making th(‘ voltage ratio approach 
0.037. 

The ripple voltage across the load 
resistor of the rectifier circuit is 
another important characteristic. It 
may be obtained from the percent 
ripple .r which is defined as 100 
times the ratio of the effective value 
of the fundamental ripple voltage 
appearing across the load resistor 
to the average voltage E^r across 
the same resistor. In practice only 
the fundamental ripple voltage is 
sufficiently large to warrant con¬ 
sideration, and for a full-wave cir¬ 
cuit, the fundamental ripple fre- 
(luency is twice the supply fre¬ 
quency. 

For large values of oi'LC and 
ioCR it was found possible to give a 
partly empirical and partly theo¬ 
retical expression for the percent 
ripple across the load resistor. This 
is 


31.5 -f 67.25 J^LC 



FIG. 3—Anql* during which the tube 
conduct! 
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and the error in the percent ripple 
will be less than five percent if 
o>*LC ^ 2.0 and «>CA ^ 6.0. 

Equation 1 will be applicable in 
many of the problems encountered 
in practice, particularly those in 
which the circuit is lightly loaded. 
It expresses the percent ripple for 
the region where each tube is firing 
only a short time, the output volt¬ 
age is high, and the charges on the 
filter capacitors do not vary much 
during one cycle. 

For heavier loads, the percent 
ripple is shown as curves in Fig. 6. 
For u>‘LC constant, the ripple in¬ 
creases from zero for uaCR ap¬ 
proaching infinity (open circuit) 
to a maximum In the vicinity of 
iaCR equal to unity and then ap¬ 
proaches zero again as i^CR ap¬ 
proaches zero (short circuit). For 
a fixed value of niCR, the percent 
ripple increases from zero for cd*LC 
approaching infinity (infinitely 
large inductance) toward a maxi¬ 
mum as a>*LC approaches 0.5 (filter 
resonance). For very heavy loads 
(<i>CjR < 0.6) the continuous-cur¬ 
rent case applies and the percent 
ripple r is given by 

_ 47.14 ( oi CR) _ 

( 2 ) 

The percent ripple approaches zero 
as uiCR approaches zero (short cir¬ 
cuit) because most of the ripple 
voltage appears across the inductor 
and very little of it appears across 
the output load resistor, while all 
of the average voltage appears 
across the load resistor. 

The peak tube current may be ob¬ 
tained from the ratio Pr of the peak 
tube current to the average current 
for one tube. An empirical equa¬ 
tion was fitted to the calculated 
values of Pr and this equation is 

Pr - 5.016 (8) 

where u>CR ^ 0 . 6 . For values of 
ieCR from 0.6 to zero, Pr varies 
from four to a minimum of two. 

The inverse peak voltage applied 
to each tube is always the maximum 
value of the transformer secondary 
voltage. 

The circuit was set up to obtain 
experimental verification of the 
foregoing calculated results. Mens* 
urements were made with a sixty- 
cycle soiiroe of alternating voltage 
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FIG. I —^Percent ripple roltcme for — 2.0. The other conditions ore the some 
at Illustrated in the groph of Fig. 7 


and with a filter having a>*LC = 2 . 0 . 
This value of (i>*LC was chosen so 
that a large ri^nge of u>Ci 2 could be 
obtained. Filters with other values 
of o>*LC were also used with good 
agreement. 

Various quantities such as aver¬ 
age output voltage, ripple voltage, 
and the tube angle y were measured. 
Figure 7 shows the calculated and 
experimental results for the aver¬ 
age output voltage ratio with the 
calculated results shown as a solid 
curve and the experimental points 
as circles. Agreement is good except 
for low values of inCR which corre¬ 
spond to heavy loads. 

For heavy loads the resistance 
of the rectifier tube, transformer, 
and filter choke become appreciable 
in comparison to the load resistance. 
These resistances were measured 
and were added to the load resist¬ 
ance to give an equivalent load 
resistance. The tube resistance was 
taken as the voltage across the tube 
at rated current divided by the 
rated load current of the tube. The 
average output voltage is then the 
product of the average output cur¬ 
rent and the equivalent load re¬ 
sistance. 

The new value of loCR is in¬ 
creased since the equivalent load 
resistance is larger than the load 
resistance alone. The resulting 
compensated experimental values 
are shown as crosses in Fig. 7 , and 
the agreement between the experi¬ 
mental points and calculated curve 
is quite good even for heavy loads 
(small values of u^CR), 

Similar results for the percent 
ripple are shown in Fig. 8 . Since 
the percent ripple is inversely pro¬ 
portional to the average output volt¬ 
age, the compensated values of 
percent ripple are smaller than the 
uncompensated ones. Again agree¬ 
ment tetween the calculated curve 
and the compensated experimental 
points is good. 

The peak tube currents will be 
somewhat in error for high values 
of gCJR even though compensation 
is used. Equation 8 will give some¬ 
what high values of peak currents 
in this case. 

One very common design problem 
is that in which the maximum rip¬ 
ple, the load current and voltage, 


and input alternating voltage and 
frequency are known and the filter 
components, tube and transformer 
are to be selected. If a size of filter 
capacitor is selected, i^CR may be 
calculated. From the ripple char¬ 
acteristics of Fig. 6 the value of 
ia*LC may then be selected to give 
the maximum permissible ripple. 
The inductance necessary may then 
be obtained from <i>*LC. If an induc¬ 
tance of thisliize is not available, a 
different value of capacitance C 
should be selected and the whole 
procedure repeated. 

Once the values of u^CR and 
a>*LC have been obtained the sec¬ 
ondary voltage of the transformer 


may be found from the average 
voltage characteristics of Fig. 5 . 
The tube or tubes may be selected 
by the use of £q. 8 . If the tube, 
transformer, and choke resistances 
are appreciable, they should be 
taken into account. 
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Thermionic Rectifier Circuits 

Circuit and performance data for five d-c power supplies operating from a 115-v 60*cps 
line: a gas-tube bridge circuit delivering 9 amp at 90 v; three transformerless B supplies 
having high current ratings; a simple high-voltage bridge rectifier for cathode-ray tubes 


T he purpose of this article is to 
give details and performance 
characteristics of five rectifier tube 
circuits which have proven satisfac¬ 
tory in use over a period of several 
years. 

The electronic circuits proposed 
are mainly adaptations of well- 
knowm theory" but emphasis is 
placed on four points; (1) the use 
of inexpensive tubes and compon¬ 
ents; (2) the attainment of rela¬ 
tively high current output; (3) 
light-weight construction, making 
for portability; (4) operation from 
115-v. 60-cps source of power. 

One power supply employs four 
argon charger-type tubes in a 
bridge circuit whose input connects 
directly to the a-c line, and will 
supply 9 amp at 90 v d-c It can sup¬ 
ply d-c equipment having 110 v 
nominal rating, and is particularly 
suited for operation of arc-lamps, 
electrolysis, etc. Three transform¬ 
erless B supplies include a half¬ 
wave rectifier connecting directly 
to the a-c line and delivering 400 
ma at 90 v; a half-wave doubler 
providing one common connection 
between a-c line and d-c load and de¬ 
livering 130 ma at 160 v; a full- 
wave doubler giving 200 ma at 180 
V. Finally, an eight-tube bridge 
circuit is represented that has 
proved satisfactory for obtaining 
2000 V d.c. at 260 ma. It uses re¬ 
ceiver-type tubes jn an unorthodox 
design—a simple and economical 
means of supplying a cathode-ray 
tube. 

Oat*Type Hlah-Ciirrsiif R«cfili«r 

Since a d-c arc gives about four 
times the light output when oper¬ 
ated on d-c as on the same current 
from an a-c source it is advisable 
to provide d-c operation.* A bridge 
circuit originally designed to sup- 
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ply d.c. for a carbon arc is shown 
in Fig. 1. Six-ampere bulbs having 
high crest inverse voltage and 
high d-c output voltage suitable for 
this circuit are: Westinghouse 
Style No. 289416 and General BMec- 
tric Cat. No. 189049. (Not all 
6-ampere charger bulbs have the 
proper operating characteristics 
for this circuit). 

A multiple-winding filament 
transformer is needed; two of the 
secondaries supply a single filament 
each (2.2 v at 18 amp), and the 
third feeds two filaments in parallel 
(2.2 v at 36 amp). The a-c line 
goes directly to the tubes without a 
transformer. Note that the d-c out¬ 
put cannot be grounded. 

To start this circuit, the main 
switch is closed first. The load 
switch is closed after the filaments 
are up to operating temperature. 
This procedure is necessary because 
gas-filled tubes with oxide-coated 
filaments must not have plate volt¬ 


age applied when cold. In the com¬ 
pleted unit shown in the photo¬ 
graph, a “mark time” switch is em¬ 
ployed ; one SPST switch closes im¬ 
mediately, and a second SPST 
swutch closes after a 45-sec interval. 

Two fuses are shown in Fig. 1. 
The load fuse should be chosen to 
permit the desired load current to 
flow (not more than 12 amp) and 
the main fuse should be somew'hat 
higher in rating since it must also 
supply current for the filaments. 
The purpose of using two fuses is 
to be sure that an overload will blow 
only the load fuse, while the fila¬ 
ments still remain heated by the 
transformer. An inexpensive bi¬ 
metal circuit breaker was used in 
place of the load fuse. 

The smoothing choke must have 
low resistance and fairly high in¬ 
ductance, considering that the cur¬ 
rent passing through it saturates 
the core. The unit used has an in¬ 
ductance of 0,04 h at 60 cps with its 



FIO. 1—Schematic diagram ol hHrh-eiimnl elreuit. using four 

tubes to provids d-c oatpufb up to 8 amp at 90 v 
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core (0.0036 h without core) and a 
d-c resistance of 0.5 ohm, obtained 
with a coil having 490 turns of No. 
12 B & S dec wire. Coil dimensions 
are 1.63 in. inside diam, 3 in. out¬ 
side diam and a length of 6 in. Core 
dimensions are 1.063 in. diam and 
a length of 18 in., obtained with 350 
pieces of 0.05-in. diam soft iron 
wire. 

A convenient advantage of recti¬ 
fication with this circuit is that an 
impedance may be placed in series 
with the load fuse to reduce the d-c 
output. This impedance effectively 
reduces the d-c output without wast¬ 
ing power, as would be the case 
with a series resistor. A range of 
inductance values ove ra 11:1 ratio 
may be obtained by inserting or 
removing the core from the choke. 

Still greater flexibility of opera¬ 
tion may be obtained through the 
use of two identical coils and cores. 
In the first coil the core is fixed for 
use as the d-c filter choke of Fig. 1. 
The second coil, arranged with a 
movable core, is connected in series 
with the load fuse as an a-c im¬ 
pedance. When the circuit is used 
to supply an arc lamp it has been 
found possible to put most of the 
reactance in the a-c side, and to use 
only a low resistance in the d-c part 
of the arc circuit. 

Porcelain mogul sockets are 
needed f 9 r the 6-ampere bulbs. Due 
to the high operating temperatures 
of these bulbs, the use of flame¬ 
proof or asbestos-covered wire is 
recommended for connections. 

The characteristics of this gas- 
type high-current rectifier are 
shown in Fig. 2. The dashed load 
lines are for 8, 10, 20, and 40 ohms, 
about one-fifth the weight of a mo¬ 
tor-generator of equal capacity. 

Circuits using single 25Z5 and 
26Z6 tubes are well known®. Often 
such circuits use a resistance in 
series with the heater for operation 
while the three solid lines are for 
a-c input voltages of 100, 110, and 
120 V. From these curves we see 
that with 110 v. a-c input and a 
load of 8 ohms, the d-c output is 10 
amp and 80 v. 

The total weight of the unit, in¬ 
cluding the steel cabinet, is 39 lb— 


directly from the 115-v line. How¬ 
ever, the circuits of Fig. 3, 4 and 
5 each use five heaters in series and 
therefore require no additional ser¬ 
ies resistor. Only four 25Z5 or 
26Z6 tubes are used as actual recti¬ 
fiers, although five heaters must be 
used in series across a 115-volt a-c 
line. Of course, one heater may be 
replaced by an 83-ohm resistor. 

A single tube—the 117Z6GT— 
may also be used with these cir¬ 


cuits. This is a two-cathode, two- 
plate tube with a 117-v heater ele¬ 
ment*, requiring no series resistor 
on a 117-v line. 

A half-wave rectifier which 
needs no transformers for opera¬ 
tion from a 115-volt a-c line is 
shown in Fig. 3 along with its out¬ 
put characteristics. The d-c side 
of the circuit is automatically 
grounded with the a-c supply. For 
example, if the lower side of the a-c 


SUM MARY OF RECTIFIER CHARACTERISTICS 


Trans¬ 
former Circuit 


Oescriiition 

Tubes 

Used 

Sec. 

Windings 

in 

Kr. 

Typical 
D-C Output 

Notes 

lii^fh-c-iirrrnt gas- 
t y|:)e full-w ave 

1 bridge 

F'our 6- 
amp 

Hectigon 
or 7'ungar 

3 Fil. 

1 

90 V, 9 amp 

Neither side of 
d-e output can be 
grounded 

Half-wave 

Four 25Z5 
or 25Z6 

None 

3 

90 V, 0.4 amp 

One side of d-c 
output is ground¬ 
ed by grounding 
a-c line 

Full-wave doubler 

Four 25Z5 
or 25Z6 

None 

4 

180 V, 0.2 amp 

Neither side of 
d-c output can lie 
grounded 

Half-wave doubler 

Four 25ZS 
or 25Z6 

None 

5 

150 V, 0.13 
amp 

One side of d-c 
output is ground¬ 
ed by grounding 
a-c line 

High-voltage 
bridge rectifier 

Eight 80 

8 Fil. 

1 Mate 

7 

2500 V, 0.25 
amp- 

Either side of d-r. 
output can be 
groimded. For 
5Z3 tubes, out¬ 
put current is 

0.45 amp 
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supply in Fig. 3 is grounded, the 
negative d>c terminal is also 
grounded. Note that all eight of 
the plates and all eight of the ca¬ 
thodes (2 each per tube) in Fig. 3 
are connected in parallel. 

Comparing the half-wave circuit 
of Fig, 3 with the full-wave voltage 
doubler circuit of Fig. 4, it will be 
seen that the output of the half¬ 
wave circuit is less than that of the 
voltage-doubler circuit, even when 
using the same total capacitance. 
The major advantage of a half-wave 
circuit is that its output becomes 
grounded whenever the a-c input is 
grounded. This is important for 
high-gain amplifiers which do not 
have interstage transformers, since 
pick-up voltages must be mini¬ 
mized. 

Four tubes ^re used in the full- 
wave voltage-doubler circuit* of 
Fig. 4, four cathodes and four an¬ 
odes (2 tubes) being connected in 
parallel in each half of the circuit 
As in the circuit of Fig. 3, there 
are five heaters rated at 25 v each 
in series across the 115-v a-c line, 
although only four tubes are con¬ 
nected in the rectifier-doubler. 

The capacitance marked on each 
curve in Fig. 4 is half the total 


capacitance required. For example, 
the 24-/if value at 100 and 500 ma 
means that two 24-fif capacitors are 
needed. Also note that the maxi¬ 
mum output rating for 4 tubes is 
350 ma. 

If electrolytic capacitors are 
used in the circuit of Fig. 4, they 
must be polarized as shown. It is 
impossible to use a dual electrolytic 
of the 16-16-/if type if the negative 
leads are common. Such a dual 
capacitor can of course be used as 
a single 32-/4f unit, in series with 
a similar one correctly connected. 

H«lf-Wav# Deabler Clrcslf 

A half-wave doubler circuit*’ * in 
which one side of the a-c input is 
conpected to one side of the d-c out¬ 
put is shown in Fig. 5. Capacitor Cx 
is rated 150 v d.c., and preferably 
has a paper dielectric, but Ctmay be 
either a paper or electrolytic 800-v 
unit. For light d-c loads Ci may 
be a polarized electrolytic capacitor 
with the negative lead connected to 
the a-c line. For heavy d-c loads 
(above about 190 ma at 110 v), the 
voltage on C« reverses, and an elec¬ 
trolytic is not suitable. 


The three curves in Fig. 6 permit 
direct comparison of the three cir¬ 
cuits, each of which uses a total 
capacitance of 48 /if, and four 26Z5 
or 25Z6 tubes as rectifiers. In all 
cases the full- wave rectifier-doubler 
gives the highest output voltage 
and current. Of the three circuits, 
the half-wave doubler has the poor¬ 
est regulation and the half-wave 
rectifier has the best regulation. 

The choice between the half-wave 
doubler and the half-wave rectifier 
may be based either on the required 
d-c output or the regulation, con¬ 
sidering that both have one d-c 
terminal at the same potential as 
one a-c terminal. The d-c outputs 
of these two circuits are equal at 
190 ma, 110 v. For lower current 
values, the half-wave doubler per¬ 
mits higher voltages; for higher 
output currents, the better regula¬ 
tion of the half-wave rectifier ap¬ 
pears advantageous in giving high¬ 
er output voltage. 

In general the vacuum-tube recti¬ 
fiers are self-protecting to a great 
extent and require no preliminary 
heating of their cathodes, so that 
the circuits of Figs. 8, 4 and 5 may 
be connected simultaneously to the 
d< loads and the a-c lines. 
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Pig. S—^KgU-warg veUogg-doubtor r«etlltor circuit ond per- 
iormance charoelgrUtlei. One ilde ol output con bo grounded 


Fig. 6—Comporlcon of output cborocterietlce of rectifier circuits 
In rig. 3. 4. and 5 


An eight-tube bridge rectifier 
using receiving-type tubes is shown 
in Fig. 7. The output data for 
this circuit, when type 80 tubes are 
employed, are given in Fig. 8. A 
maximum output of 0.460 amp in¬ 
stead of 0.250 amp is possible if 
5Z3 tubes are used instead of type 
80 tubes. Both filament and plate 
transformers are needed for this 
circuit, and for experimental use at 
different voltages, a Variac sup¬ 
plies the plate transformer. 

The’ filament transformer must 
be insulated for 6,000 volts both to 
ground and between the various 
filaments. If type 80 tubes arc 
used, the rating of each of the eight 
windings is 2 amp at 5 v. Usually 
such windings can be overloaded, 
however, for the 6-v, 3-amp fila¬ 
ments of 5Z8 tubes. Tubes 4 and 5 
may be connected in parallel to a 
single secondary of a filament 
transformer having a double cur¬ 
rent rating. 

While it is normally quite safe to 
apply plate and filament potentials 
simultaneously to vacuum tubes, it 
is perhaps better for this high-volt¬ 
age device to light the filaments 
with the Variac set at 0 volts for 
the plate transformer primary. The 


primary voltage can then be in¬ 
creased until the desired output is 
reached. A radio-type transformer 
is used, the secondary being a 2,000- 
v winding with a center tap which 
is not needed for this circuit. 

An essential part of the circuit of 
Fig. 7 is the use of eight resistors, 
R, which parallel each rectifier tube. 
These are 0.6-meg, 2-w carbon 
units. They serve the important 
function of dividing the back emf 
evenly among the tubes. In the 
forward direction those resistors 

are largely shunted out by the con¬ 
ductance of the tubes. 

Output characteristics are shown 
in Fig. 8. The dashed lines indi¬ 
cate load resistances of 6,000 to 
60,000 ohms. The curved lines are 
the a-c voltages which are im¬ 
pressed on the primary of the plate 
transformer as indicated. For in¬ 
stance, with 80 V a-c impressed on 
the primary, this curve shows that 
an output of 160 ma at 1,600 v is 

available with a 10,000-ohm load. 

The weight of the eight-tube 
bridge rectifier is 98 Ib. All 
capacitors are oil-impregnated pa¬ 
per units rated at 3,000 v. 

The eight tube sockets may be 



Fig. 7—^Hlgh-ToHogg bridge reellller dr* 
cult* using eight recelyer-type tubes (type 
SO or SZ3) to provide maximum direct 
voltage of 2S00 v with omple atrrent lor 
cothode-roy tube opplicatlons and experi¬ 
mental laborolory use 
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Fig. 8—Operating choracttrlitlcf of high- 
roltogo bridgo roctilior circuit of Fig. 7 


mounted on an insulating ring in 
the center of which is the filament 
transformer, allowing convenient, 
short leads. To be safe at the po¬ 
tentials used, auto ignition cable is 
suggested. Isolantite rods support 
the insulating ring from the metal 
panel on which all components are 
fastened. 

A miniature switchboard-type 
voltmeter and ameter may be con¬ 
nected in the d-c output. A 6-ma 
(full scale) meter calibrated in 
volts is used in series with an ex¬ 
ternal multiplier of eight 2-watt, 
75,000-ohm units. This voltmeter 
and series resistor also serve to dis¬ 


charge the stored energy in the fil¬ 
ter capacitor when the circuit is 
OFF. 
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Voltage-Regulated Power Supplies 

A nonmathematical solution is traced from simplified theory. Actual values of circuit ele¬ 
ments necessary to build a power pack and three-tube control are computed. Practical 
suggestions are given for physical layout and elimination of ripple 

By PAUL KOONTZ and EARLE DILATUSH 


S IMPLY stated, the action of a 
voltage regulated power supply 
is to cancel any attempted fluctua¬ 
tion of its output voltage whether 
caused by input (line) change, or 
output (load) change. One way to 
become familiar with the regulating 
action of this circuit upon input 
variations is to trace the path of 
the supply ripple. In the usual 
power supply, this disturbance con¬ 
sists mainly of 120-cycle sine-wave 
a-c, with amplitude from a fraction 
of a volt to several volts. In Fig. 1, 
this voltage appears across points 
A and B, and produces a flow of cur¬ 
rent through Vi (whose initial ac¬ 
tion is that of axiiode) and /?,. A 
portion of the voltage drop across 
Ri caused by this current is applied 
as bias to the control grid of the 
amplifier tube V.. Since V., holds 
the cathode of V. at a fixed point 
above ground, V, amplifies this var¬ 
iation, causing it to appear in in¬ 
verted form across the load resistor 
Rs. Since also serves as the bias 
resistor for 7,, it produces through 
Vj an inverted version of the orig¬ 


inal ripple current. Because this 
and the original ripple are approxi¬ 
mately equal but opposite in phase, 
cancellation occurs, giving as the end 
result an almost ripple-free output 
across C and B, A similar cancel¬ 
lation is produced by any attempted 


fluctuation of input voltage to the 
regulator. 

Attempted output voltage changes 
caused by load variations are simi¬ 
larly cancelled because they, too, 
are applied to the grid of the ampli¬ 
fier tube 7s. 









POWER SUPPLIES 


533 


It wus assumed above that the 
grid of Fs is the sole means of con¬ 
trol. That is, that the change volt¬ 
age applied to it by is the only 
acting control voltage, and that the 
grid of Vi is the only point to which 
control voltage is applied. A com¬ 
plete analysis presents quite a dif¬ 
ferent picture. Not only are other 
control voltages present, but they 
are introduced at several different 
points in the circuit. 

Variations of the unregulated 
supply voltage can act as a control 
source when applied to any of the 
amplifier tube elements. When the 
screen of V» is fed by a bleeder from 
the unregulated supply as in Fig. 2, 
the variations of that supply volt¬ 
age appear across the screen-to- 
cathode impedance of V» and are 
amplified by the screen which acts 
like a low-gain control grid. This 
control-effect produces across Rn a 
voltage of the proper phase to effect 
cancellation of the input changes, 
but of an amplitude that is nor¬ 
mally much greater than that 
needed for cancellation. 

Similarly when V’, is fed by a 
l)Ieeder from the unregulated sup¬ 
ply, a portion of the variation in 
that supply appears across F«, which 
forms the cathode circuit of Ft. 
Hence Ff has impressed on its cath¬ 
ode (in series with its grid return) 
a portion of the input change. The 
amplitude of these changes depends 
on the effective impedance of F„ 
which is usually from about 200 to 
1,000 ohms. The effect of these 
changes opposes that caused by the 
grid and screen controls. 

The impedance of V» also causes 
the introduction of another voltage 
into the grid return of F«. This 
additional control voltage, resulting 
from variations of the plate and 
screen current of Ft, acts degener- 
atively to reduce the gain of Ft. 


Ivsisstiss sf CssfrsI Poefsrs 

The effectiveness of the control 
action of the grid may be expressed 
in its simplest form as 


Resultant fluctua¬ 
tion of the supply « 
output 


Attempted ex- 
cursi o n 

Gain of the 
amplifier stage (1) 



The effect of the screen control, 
in the absence of grid control, may 
be stated as 


Difference be¬ 
tween (a) [at- 

Resultant fluctua- 
tion of the supply- 
output [portion ap- 

^ plied to screen 

times screen 
gain] (2) 


The composite output fluctuation, 
resulting from both grid and screen 
control may be found by consider¬ 
ing the result obtained from Eq. 2 
as the attempted excursion in Eq. 1. 


Resultant fluctua¬ 
tion of the supply » 
output 


(Oripdnal ex¬ 
cursion) minus 
(portion ap¬ 
plied to screen 
times screen 

_ 

Gain of ampli¬ 
fier stage (3) 


For the moment, let us assume 
that the resultant fluctuation in Eq. 
8 equals zero. In this event, the final 
fluctuation on the output is equal 
to that value which produces at the 
grid of Ft an exact duplicate of the 
voltage present on the cathode. 


Resultant fluctua¬ 
tion of the supply* 
output 


Voltage on out- 

S ut which pro- 
uces at the 
grid of F, a 
change voltage 
d u p 1 i c a t - 
ing that on the 
cathode. (4) 


In the average power supply, the 
grid, in spite of the other controls, 
is able to reduce any ripple pre¬ 
sented to it to a value comparable 
to that existing on the cathode. 
This is true even though the .screen 
overcompensates in the usual case. 
The value existing on the cathode 
will vary widely when different F/s 
of the same type are substituted in 
the same chassis. Conventional de¬ 
sign for a supply furnishing an out¬ 
put of 260 to 800 volts d-c produces 
a ripple content of approximately 
0.04 V rms. The d-c regulation is 
usually maintained within about =b2 
volts. 

Before designing any regulated 
supply, it is of prime importance 
to list the actual demands to be 
made on it. Instantaneous peak 
current demand (as distinguished 
from maximum average current de¬ 
mand) is probably first in impor¬ 
tance. These supplies are not reser¬ 
voirs, hence lose both control and 
effectiveness when subjected to any 
instantaneous load even slightly be¬ 
yond their rated capacity. The fre¬ 
quency of demand is unimportant, 
however, if it lies below approxi¬ 
mately 20,000 cycles per second. 
Above this frequency the effective 
impedance of the supply increases 
rapidly because of the inability of 
tube Fa in the amplifier cathode cir¬ 
cuit to regulate. A rise in supply 
impedance can be counteracted by 
shunting a paper capacitor of 1 or 
2 microfarads across the regulated 
output. When this capacitor is in- 
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FIG. 3—Supply Mctioa oi a Toltagu-rugulalud power unit with the eeriee tube 
Ineerted to tUuetrote ite action 


eluded, the supply can be used to 
feed equipment calling for micro¬ 
second pulses of high amplitude.* 

Selection of the output voltage 
to be provided is also important. 
To reduce the cost of components, 
an output range of 250 to 300 v is 
favored, when that is adequate for 
the equipment being fed. Higher 
output voltages are easily produced, 
but require more expensive com¬ 
ponents. A wide range of output 
voltage adjustment should also be 
avoided unless there is a specific 
need for it. The usual dependabil¬ 
ity of domestic supply lines makes 
it unnecessary to provide against 
large line voltage changes. 

Design of Supply Section 

For design purposes, supply and 
control circuits can be considered 
separately. The supply portion, as 
considered here, consists of the com¬ 
ponents shown in Fig. 3. This cir¬ 
cuit differs from an ordinary un¬ 
regulated power supply only in the 
addition of which may for the 
moment be considered as a variable 
series resistance i?itroduced for con¬ 
trol purposes. 

To illustrate design procedure a 
set of requirement limits has been 
chosen based on commercial ratings 
for supply components. 

The limits decided on are: out¬ 
put voltage, 250-300 v; output cur¬ 
rent range 75-200 ma; power line 
fluctuations of ztlO percent. 

On the basis of these limits we 
may now choose the series tube, F,; 
the rectifier tube, Vr, the filter 
choke, Li; and the power trans¬ 
former, Tu 

Tubes commonly chosen for se¬ 
ries service include 2A3, 6A3, 664, 
6L6, 6V6, 6Y6, and 807. For our 
supply the recently introduced 
6AS7G, a twin Iriode expressly de¬ 
signed for this service is chosen. 
Their extremely low plate resistance 
allows the use of a lower voltage 
drop across them, hence a reduced 
high-voltage winding on the power 
transformer. The heater-cathode 
rating of =h300 v makes possible 
the paralleling of their filaments 
with that of the amplifier tube. Only 
two of these tubes are needed be¬ 


cause of their current-carrying 
ability, with a resultant saving of 
space. 

A suitable filter choke will have 
low internal resistance and adequate 
current carrying capacity. Induc¬ 
tance rating is of secondary impor¬ 
tance, A 5 to 10 henry choke with 
50 to 200 ohms internal resistance, 
and rated to carry at least 225 ma 
will be satisfactory. The one se¬ 
lected for this example is rated at 
5 henries at 225 ma with 100 ohms 
d-c resistance. 

The rectifier selection is easy, for 
the 5U4G, 5Z3, 5T4, and the 5X4G 
can all handle the current and volt¬ 
age requirements. The 5U4G is 
chosen because of its general avail¬ 
ability. 

Salaefliig • Power Tromformor 

In the selection of a power trans¬ 
former, we must first determine the 
voltage needed out of the rectifier. 
This will consist of the sum of the 
voltage drops across the filter choke, 
series tubes, and output load. The 
use of the following procedure is 
necessary to determine that volt- 
age: 

1—Inspect the characteristic 
curves of the selected series tube, 
determine from them the lowest 
allowable plate voltage for the max¬ 
imum current specified. 

Example: Each side of a 6AS7G 
will deliver 56 ma at 20 v, so 2 
6AS7G'8 in parallel will provide the 
required 225 ma total current, in¬ 
cluding approximately 25 ma cur¬ 
rent consumed internally by the 
power supply. 


2— Increase the minimum working 
plate voltage by a sufficient margin 
to allow for possible component vari¬ 
ations. This also is necessary to 
allow proper control of the series 
tube, since its bias must swing sym¬ 
metrically about a center point and 
never drop to zero. 

Example: 20 v plus 20 v margin 
equals 40 v minimum operating 
plate voltage. 

3— -Next determine the minimum 
voltage allowable at the plates of 
the series tubes. This is the highest 
power-pack d-c output voltage plus 
the voltage determined in step 2. 
Note that this must be delivered to 
the plates of the series tubes under 
the condition of lowest allowable 
line voltage and highest rated out¬ 
put current of the pack. 

Example: 300 v pack output plus 
40 V from step 2 = 340 v delivered 
at 225 ma total drain, and 105 v 
line input. 

4— ^Add the voltage obtained in 
step 3 to the IR drop across the 
filter choke (at full 225 ma current) 
to find the voltage the rectifier must 
deliver at lowest line input. 

Example: E — IR — 0.225 x 100 = 

22.5 V choke drop. 340 v -f 22.5 v = 

362.5 V at 225 ma which the recti¬ 
fier must supply at 105 v line input. 

5— Refer to the characteristic 
curves of the rectifier selected. 
Prom them find the input voltage 
to the rectifier that will produce the 
output voltage determined in step* 
4. Be sure to take into consideration 
the type filter (choke or capacitor 
input) and the size of its compo¬ 
nents. 
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Example: 5U4G, capacitor input 
filter using Suf input capacitor. 350 
V a-c rms in, equals the required 
362.5 V out at 225 ina. 

6— Calculate the highest a-c in¬ 
put voltage to the rectifier that will 
result when the line input voltage 
is increased to its upper limit. 

Example: Voltage ratio of the 
power transformer equals 362.5/105 
or 3.33. 125 v x 3.33 = 416 v a-c 
out. 

7— Again refer to the rectifier 
tube curves. Determine the d-c volt¬ 
age out of the rectifier for the a-c 
voltage into it calculated in step 6. 

Example: 416 v in = 435 v d-c 
out (at 225 ma drain). 

8— ‘See what the maximum watt¬ 
age dissipation in the series tube 
will be, under the worst operating 
conditions; that is at maximum 
current drain, maximum line input 
voltage and lowest d-c output volt¬ 
age. 

Example: 435 v — 22.6 v choke 
drop = 412.5 v applied to the series 
tubes. This, minus 260 v (the low¬ 
est output voltage) = 162.6 v across 
the series tubes. Therefore, since 
W ^ El, 162.5 V X 0.225 amp - 37 
w total dissipation. 

9— Using the maximum a-c input 
voltage to the rectifier (determined 
in step 6), and the minimum cur¬ 
rent drain (set by the limits), in¬ 
spect the rectifier tube characteris¬ 
tics and find the d-c output voltage 
for these conditions. 

Example: 5U4G, 416 v a-c, 100 
ma total drain; the d-c out of the 
rectifier is 600 v. 

This voltage, minus the lowest pack 
d-c output voltage set by the limits, 
is the maximum voltage that will 
appear across the series tubes. 

Example: 600 v —10 —250 v 
equals 240 v maximum across the 
paralleled 6AS7Gs. 

10— If the ratings of the series 
tubes (maximum wattage and plate 
voltage) are not exceeded under 
the conditions imposed by the 
limits, we may now easily determine 
the nominal voltage of the a-c high 
voltage winding on the power trans¬ 
former, by multiplying its voltage 
ratio by the nominal line voltage. 

Example: 3.88 x 116 = 888— 


so a rating of 380 v would be satis¬ 
factory. 

Additional design considerations 
for the supply section stipulate rec¬ 
tifier tubes having good regulation 
(low internal voltage drop). If a 
capacitor input filter is used, the 
input capacitance should be at least 
8(if. When a choke input filter is 
used a swinging choke is advisable 
following the rectifier tube. 

Standard practice dictates the 
use of supressors in control grid 
and plate circuits (screens, too, if 
used) when scries tubes are par¬ 
alleled for greater current capacity. 
Their elimination would result in 
highly unstable or erratic operation. 
It is preferable that these supres¬ 
sors be mounted with one end di¬ 
rectly supported by the tube socket 
lug to which it connects. Resist¬ 
ance values of 50 ohms for the plate, 
and 100 ohms for the grid and 
screen are satisfactory. 

The control circuit shown in Fig. 
4 is t 3 i)ical. A sharp-cutoff pentode 
is more suitable than a remote-cut- 
off pentode for use as the amplifier 
Vs. Its lower plate cui-rcnt allows the 
use of a high value of plate load re¬ 
sistance JSs, resulting in higher 
gain and less degeneration. The 
highest gain of the amplifier will 
be obtained when Rt approaches the 
plate resistance of the amplifier 
tube. This suggests a value for Rt 
of from 0.5 to 1 megohm. 

The voltage reference source is 
usually a cold-cathode tube of the 
VR type, although batteries or a 
neon bulb could be used. Tubes are 
preferred because of their long life 
and low effective impedance. High 
impedances at V, will cause an in¬ 
creased ripple output, as well as 
poorer regulation because of in¬ 
creased degeneration in the ampli¬ 
fier stage. Impedances presented by 
tubes of the VR type approximate 
200 to 1,000 ohms. 

Selection of the specific tube for 
any given application depends on 
fulfilling the following require¬ 
ments : 

1—The amplifier tube Va must be 
provided with adequate plate volt¬ 
age over the entire range of opera¬ 
tion. 


Example: (based on the limits 
used for computation in the supply 
section: 250 to 300 v at 75 to 200 
ma external drain over 105 to 125 v 
line input.) 

The amplifier plate voltage will 
be lowest with highest line and low¬ 
est output voltage and current-125 

V line, 75 ma external drain at 250 

V output. Reference to step 9 in the 
supply section shows 240 v across 
the 6AS7G's under this condition. 
Inspection of the characteristic 
curves for the 6AS7G shows that 
130 V bias will be required to limit 
the current through each section to 
25 ma (i of the 100 ma total). The 
voltage between the amplifier plate 
and ground is the output voltage of 
the supply 250 v, minus the bias 
voltage for \\ 130 v; or 120 v. A 
small voltage must be maintained 
between plate and cathode of the 
amplifier tube V,. 

2—The grid of the amplifier tube 
Vt should receive as large a percent¬ 
age as possible of the total fluctua¬ 
tion present on the output. Hence 
the highest voltage VR tube allow¬ 
able by step 1 should be used. 

Example: A type OC3/VR106 is 
indicated here. 

The bleeder consisting of R^ and 
Ri must supply at least 8 ma 
of current, and must maintain the 
screen of Vt at a suitable voltage 
above its cathode. 

Example: Lowest unregulated d-c 
is approximately 340 v (at 106 v 
line input and 225 ma total drain), 
therefore the total resistance jR, 
plus R^ will be: (340-106) /0.008 = 
235/0.008 ~ 30,000 ohms. 

The section between the screen 
of V -2 and its cathode (plate of V,) 
must have a drop of approximately 
60 v for adequate screen supply. 
Thus R. will be: 60/0.008 7,500 

ohms. This gives suitable values of 
jR, and Rx as 22,500 ohms and 7,500 
ohms respectively. Wattage ratings 
of Rx and R^ must allow for the con¬ 
dition of highest unregulated sup¬ 
ply voltage (500 v as determined in 
step 9 of supply). Therefore 500— 
105/30,000 = approximately 13 ma. 
Wattage dissipated in ft. = 0.013 
X 0.013 X 22,600 = 3.8 watts. 
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Therefore R» requires a 5 watt re¬ 
sistor. Similarly, R, calls for a 2 
watt rating. Screen current has 
been neglected as negligiMe in these 
computations. 

The amplifier grid bleeder con¬ 
sisting of JR., R^ and ft can be de¬ 
termined as follows: Its total re¬ 
sistance ft should be sufficient to 
allow the conservative use of small 
fixed carbon resistors at ft and ft, 
and a standard potentiometer at ft. 
However, if excessively high values 
are used, Ft exhibits troublesome 
hum pickup from its grid wiring. 

Example: If 300 v is the maxi¬ 
mum pack output, a total suitable 
bleeder value will be approximately 
0.26 megohm. 

The necessary resistance values 
for Rnt R%t and ft will vary with 
the regulated output voltage of 
the pack, and while they could be 
computed, a simpler method for de¬ 
termination is available. Substitute 
a 0.25 megohm potentiometer for Rx. 
With the pack operating, adjust the 
potentiometer to obtain a pack out¬ 
put voltage approximately 10 per¬ 
cent higher than the highest desired 
output voltage. Disconnect the po¬ 
tentiometer, and record the resist¬ 
ance from arm to positive end. Re¬ 
connect the potentiometer and set 
the pack in operation. Readjust it 
to give an output voltage 10 percent 
lower than the lowest desired output 
voltage. Again disconnect, and re¬ 
cord the resistance from the arm to 
minus end. You now know the val¬ 
ues of ft, ft, and ft that will pro¬ 
duce the desired range. To make 
the resultant values of R;„ ft, and 
ft fall on commercial resistance val¬ 


ues, the total bleeder resistance Rx 
may be adjusted upwards or down¬ 
wards by a factor of plus or minus 
26 percent. 

Example: ft, 120,000 ohms; ft,, 
50,000 ohms; and ft„ 82,000 ohms 
for an approximate output range of 
220 to 380 V for this particular 
supply. 

The grid coupling capacitor, 
which presents a low impedance 
path to the grid for attempted high 
and medium frequency changes in 
the output, is usually about 0.25{if. 
Larger values, while transferring 
more of the low (ripple) frequency 
variations to the grid, may cause 
undesirable effects due to time lag 
in their transmission. 

Define fer MlalinMiii Ripple 

A ripple voltage of 0.02 to 0.06 v 
rms in the output of a standard 
voltage-regulated power supply is 
usually satisfactorily low. If 
troublesome, it may often be re¬ 
duced by carefully selecting tube F. 
that is used as voltage reference, 
particularly when the screen and F, 
bleeder are connected to the unreg¬ 
ulated supply voltage. 

If unusually low ripple must be 
obtained, the circuit modification 
shown in Fig. 5 can be used. Anal¬ 
ysis of the operation of this cir- 
’uit will show that the degree of 
ripple reduction is not limited by 
the amplifier gain but may be made 
practically Infinite. This effect is 
accomplished by feeding the screen 
of the amplifier tube Fs a controlled 
amount of the input ripple. The 
screen, acting as a low-gain control 
grid, produces across the series tube 


a voltage equal to the original rip¬ 
ple but of opposite phase. Control of 
the amount of ripple fed to the 
screen grid is performed by the 0.5 
megohm potentiometer. 

The most satisfactory degree of 
ripple cancellation can be assured 
by placing the pack in operation 
with its actual load and an oscillo¬ 
scope connected across the output. 
After all other adjustments have 
been made, the ripple can be can¬ 
celled by adjusting the potentiom¬ 
eter. 

The degree of ripple cancellation 
does not depend on the amount of 
ripple present, and almost complete 
cancellation can usually be effected 
with ripple inputs of 50 v or less. 
One of the supply modifications this 
suggests is the reduction of the 
filter components to a single capaci¬ 
tor following the rectifier. Power- 
pack output ripple of 0.002 v or less 
can be obtained under these condi¬ 
tions. When a normal filter is used, 
the residual ripple may be too small 
to be observed on a sensitive oscil¬ 
loscope. 

Opfimsm Refslaflon 

Variations in output voltage ow¬ 
ing to changing load will be mini¬ 
mized by the use of a low impe¬ 
dance supply to the series tube. The 
use of a mercury-vapor type recti¬ 
fier will often give the greatest im¬ 
provement in that respect. 

Any means of increasing the ef¬ 
fective gain of the amplifier stage 
will also improve the regulation. 
Three schemes advanced for this 
purpose include: substitution of a 
constant voltage device (such as 
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neon lamps, VR tubes, or batteries) 
for the portion of the amplifier grrid 
bleeder between the grid and regu¬ 
lated B+; substitution of a con¬ 
stant current device (such as a 
pentode tube or inductance) for the 
portion of the amplifier grid bleeder 
between grid and B— ; the use of a 
multiple stage amplifier. 

Another method of improving 
regulation is to connect the screen 
of the amplifier tube to a bleeder 
from unregulated B+. 

Pbyiieol Arrongeaieat 

Layout of the supply portion fol¬ 
lows the established rules for power 
supplies. To avoid hum pickup by 
the control section it is desirable to 
place the entire supply section at 
one end of the chassis. Thus, no a-c 
wiring but that for the filaments 
need be close to the sensitive con¬ 
trol circuits. 


The series tube placement re¬ 
quires consideration of the problem 
of heat elimination. Nearly a fourth 
of the total power consumed by the 
entire supply is dissipated by the 
series tubes under some conditions 
of operation. 

The control portion is more de¬ 
manding in its placement and wir¬ 
ing needs. To realize full benefits 
from a supply of this type, hum 
pickup on the amplifier tube wiring 
must be eliminated. All wires to the 
grid of the amplifier should be 
short, and capacitance between 
them and other wires or chassis re¬ 
duced to a minimum. The capacitor 
between the amplifier grid and reg¬ 
ulated B4- should be mounted away 
from the chassis to avoid unwanted 
capacitance to ground. The voltage 
adjustingpotentiometershould pref¬ 
erably be located on the chassis 
adjacent to the amplifier tube 
socket. If panel control is required 


a shaft extension is preferable to 
locating it on the panel. Hum pick¬ 
up from 60 cycles on long leads to 
this control is often difficult to 
eliminate. A safe rule to follow is 
to consider the amplifier tube qs an 
r-f amplifier, and to use appropriate 
wiring precautions. 

An oscilloscope is the only satis¬ 
factory means of observing the mi¬ 
nute fluctuations present on the out¬ 
put of a voltage-regulated power 
.supply. It is also extremely useful 
for trouble shooting as well as for 
measuring the variations present. 
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Multi-voltage Regulated Power Suppliec 

Two regulated output voltages at extreme values of current are 
provided by using glow discharge tubes in the proper combination 

By J. R. MENTZER 


S EVERAL VALUES of Stable voltage 
are often required for the test¬ 
ing of equipment which is normally 
battery operated. These can be ob¬ 
tained from a conventional power 
supply by using four standard types 
of gas-filled voltage regulator tubes, 
the VR-76, VR-90, VR-IOS, and VR- 
160. They make it possible to secure 
any regulated voltage which is a 
multiple of 16 volts, up to the near¬ 
est multiple of 16 volts below the 
available output voltage from the 
power supply filter, which is neces¬ 
sary for Ignition. 

To obtain the various voltages it 
is necessary to use the tubes in 
combinations wherein the voltages 
across some are added and the 
voltages across otfaers are sub¬ 
tracted. The problem of getting the 
desired voltage is one of finding 


two combinations of 75, 90, 105, and 
160 volts whose difference is the de¬ 
sired voltage. Either combination 
may involve any or all of the four 
voltages. For example, assume that 
it is desired to have 165 volts regu¬ 
lated output. This may be obtained 
by subtracting 75 volts from the 
sum of 150 volts and 90 volts. 

The method of getting the sum 
of any voltages is to put the tubes 
in series across the line with an ap¬ 
propriate dropping resistor in series 
with the tubes. The subtraction of 
any voltage from this sum is then 
accomplished by putting the com¬ 
bination of tubes whose voltage 
total is to be subtracted in series 
with the load. This is shown in 
Fig. 1, for an output of 165 volts. 

In case more than one voltage out¬ 
put from a given power supply is 


desired, the method may be ex¬ 
tended. Although the problem may 
be somewhat more complex, depend¬ 
ing upon the output voltages de- 



volts of fogulatod eelpvi 
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sired, the same procedure can be 
applied. As an example, it might be 
desirable to have a power supply 
to be used for testing equipment 
which is designed to operate from 
battery voltages of 135 volts and 
45 volts. 

The higher voltage may be estab¬ 
lished by subtracting the voltage 
across a VR-105 from the sum of the 
voltages across a VR-150 and a 
VR-90 in series as shown in Fig. 2. 
The 45 volts may be obtained by 
subtracting the voltage across a 
VR-105 from the voltage across the 
VR-150 which is in series with the 
VR.90. 

Carreat Variotioat 

In Fig. 2, more current would 
normally flow through the VR-90 
than would flow through the VR- 
150, so it is advisable to shunt the 
VR-90 with a resistor which will 
carry the excess current at the volt¬ 
age established across it by the VR 
tube which it shunts. This equal¬ 
izes the current operating ranges 
of the tubes in series. 

The load current range for the 
circuit i.s determined by the fact 
that the current through the input 
series line resistor must be constant 
to produce the constant drop be¬ 
tween the filter output and the two 
VR tubes in series across the line. 
As the load currents are caused to 
vary in any order, the current 
through the VR-150 must vary by 
an amount equal and opposite to 



FIG. 2—^Two widely diffmat oatpnt veil, 
ore provided by tbit o i r an oeo w nt 


the algebraic sum of the load cur¬ 
rent variations. Since the current 
through the VR-150 must not be 
less than 5 ma and not greater than 
40 ma, the sum of the load current 
variations cannot be greater than 
35 ma. 

Although the current range of the 
single VR-150 sets a limit on the 
total variation of load current, the 
magnitude of the load currents 
available may be increased by 
shunting the series dropping tubes 
by suitable resistance. For example, 
if it is desired to have a load cur¬ 
rent of 100 ma available at 135 
volts and 60 ma at 45 volts, the VR- 
105 in the 135-volt line should be 
shunted with a resistor which will 
carry the current in excess of the 
rated current through the VR-105. 

If 100 ma is the maximum cur¬ 
rent required at 135 volts, a current 
well up in the operating range of 
the VR-105 may be selected. By al¬ 
lowing 30 ma through the tube, the 


resistor must carry the remaining 
70 ma at 105 volts. This would re¬ 
quire a resistor of 1600 ohms for 
shunting the VR-105. 

If a current in the VR-106 in the 
45-volt line is picked at 30 ma, this 
would then require a shunting re¬ 
sistor which would carry the re¬ 
maining 30 ma of load current at 
105 volts or a resistance of 3600 
ohms across this VR-105, The series 
dropping resistor would then have 
to carry the total load current of 
160 ma plus the current through the 
VR-150. 

If the 160-ma load current is the 
maximum load current of a range 
of load currents, the current in the 
VR-150 should be of a minimum op¬ 
erating value. This would assure 
the maximum compensating value 
of the VR-150 current as it increases 
with decreasing total load current. 
Assuming a current in the VR-150 
of 10 ma, the total filter current will 
be 160 ma plus 10 ma or 170 ma. 


Tcibl« I—Procedure ior Computing Values 

Step Method 


1 Compute f?4 

2 Compute R| 

3 Compute ijm 

4 Compute ui 

5 Compute /?« 

6 Compute /?i 

7 Compute limit on 

8 Compute limit on ihmin 

9 Compute limit on itmui 

10 Compute limit on i Lm io 

11 Compute upper limit of Emx 


/?4 


2 A’l 


f /.« 


h 




R, - 


2 y;. 


{fcrnHX *1" f tm»\ ^rintn 

(m -It - it 
in ih — it 

K„ — K\ — E'l 


R. - 




1*4 4" i*i + 3 it 

El 


E.- El - Et 

Ro 


- i*a - 2 1/ 


'Amax ^ "i* (imax h 

kmio ^ ift ““ (il “ ilmia^ 
Lmax ~ hmMM “ *1 

/•inin ^ iL (i| ttmla) 


12 Compute lower limit of Eamu» 


Emax^ (El 4- Et) 4- Ra (ifcmlo + 
iimitt 4* ilmax) 

Etm\m ^ (^1 4* Et) -h Rp (ihamx + 
ilmax 4 * ifm\n) 

13 Compute Za e back from high- Za* e ^ Ria r 4 - Ri* c 4- Rs* c 

voltage load 

14 Compute Za c back from low- Zla c = Raa c -1- Rt* c 

voltage load 

fAmas and itmin* respectively, are the maximuin and minimum values oi the high 
voltage load enrront. 

and rospeetivoly. or# the maximum and minimum values el lew volt¬ 
age lood current 

Itaiii respectively, ore the moximum and minimum rated gos lube oper- 

otlng currents. 

Denote the average values of all varying quontltios by a bar obove the quantity 
symbol. e.g.. ■■ 

I34not# Ibo o-c rosistoneo of a given tube by H ir» for F, use 
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The series dropping resistor at 
the filler output is computed V)y ap¬ 
plication of Ohm's Law: 


where Eu is the output voltage of the 
filter, and 240 volts is the voltage 
across the VR-90 and VR-150 in 
series. 

The VR-90 should then be shunted 
by an equalizing resistor to make 
the currents in the VR-90 and the 
VR-150 equal. The resistor must 
carry all of the load current of the 
45-volt output. This is 60 ma, and 
the resistor voltage will be 90 volts 
as determined by the tube. The 
resistor will be 1500 ohms. The 
schematic diagram will then be as 
.shown in Fig. 3. 

If the load current requirement 
from a regulator of this type is too 
low in one or more branches, a 
shunting bleeder of suitable resist¬ 
ance may be employed to increase 


the load drain to an operable value 
in the load branches involved. 

Since the low voltage is obtained 
by taking the difference between 
two larger voltages, this may yield 
a larger tolerance on low output 
voltage on a percentage basis than 
the rated percentage tolerance of 
any of the individual tube voltages. 
The tolerance in volts, however, will 
not be greater than the sum of the 
voltage tolerances of the tubes 
which determine the low output 
voltage. 

Table I gives a general method of 
solving for the circuit components 
when two output voltages and the 
extreme values of load currents are 
specified. Certain restrictions must 
necessarily be put on the output 
current variations. The solution 
yields the permissible input voltage 
variation for the range of load cur¬ 
rents desired, and the internal a-c 
impedance looking back from the 
load. 



FIG. 3—For high-curront requiromenU. tm- 
ftiatort aro ihuntod across tho Toltago- regu¬ 
lator tubes in series with the loads 


The component symbols used in 
Table I apply to Fig. 3. Measured 
values of regulation were 2 volts 
variation of the 135-volt output and 
1.3 volts variation of the 45-volt out¬ 
put for an a-c line voltage variation 
from 105 volts to 125 volts. 


Versatile Power Supply 


Both direct and alternating volt¬ 
ages for meter testing are provided 
by the circuit shown. The a-c out¬ 
put is continuously variable from 
0 to 1,200 volts and the maximum 
d-c output is fixed and regulated at 
500 volts. Lower d-c voltages are 
obtained by means of a variable 
voltage divider which allows smooth 
control down to zero volt. 

Low ripple was not a factor in 
the design and only ordinary filter¬ 
ing was used. However, the action 
of the regulator section and a small 
amount of feedback resulted in a 
measured ripple of 0.4 millivolt. 
Regulation was important and is 
quite good. After the output was 
set at 600 volts, it held with no per¬ 
ceptible change, with a line varia¬ 
tion from 90 to 126 volts and a 
load variation of from 0 to 200 
milliamperes. 

Pour 6L6G'8, triode connected, 
are used in parallel as the series 


By WILLIAM B. MILLER 

regulators, and a 6SJ7 as the ampli¬ 
fier. Resistors in each plate lead of 
the 6L6's equalize the current dis¬ 
tribution, and resi.stors in each grid 
lead help stabilize and limit the 
grid current. A total of 200 ma may 
be safely drawn from this combina¬ 
tion. 

The 6SJ7 control amplifier was 
considered as an r-f tube and care 
in wire placement was used to elim¬ 
inate erratic operation and un¬ 
wanted oscillations. Rt?.sistoi\s 
and R:^ supply the screen voltage 
and also the keep-alive voltage for 
the VR160, the current through the 
latter being about 15 ma with no 
load on the supply. The divider net¬ 
work across the output supplies the 
control grid voltage for the 6SJ7 
and also feeds the grid any fluctua¬ 
tions in the output voltage. The 
amplifying action of this tube pro¬ 
vides the regulating effect. Any 
change on the grid of the 6SJ7 is 


amplified and transmitted as bias 
to the 6L6's, which changes their 
series resistance in the proper di¬ 
rection to counteract the lluctiia 1 ion. 

By varying P,, the output voltage 
is brought to the exact value de¬ 
sired. The divider was calculated 
to put the grid 5 volts above the 
cathode, or 155 volts; P, has a range 
of about 50 volts. Potentiometer 
P, helps in reducing ripple, as it 
feeds the unregulated voltage to 
the regulated side and any ripple 
will be partially cancelled due to 
the 180-degree phase difference be¬ 
tween the two. 

Resistor P, and capacitor Ci aid 
considerably in ripple reduction. 
A 500,000-ohm potentiometer wa.s 
used for R^ and adjusted for mini¬ 
mum ripple voltage. If the supply 
is used where the load changes 
rapidly, a 4-[jLf 600-volt oil-filled ca¬ 
pacitor across the output helps in 
maintaining regulation. 
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The chanKe from d-c to a-c is ac¬ 
complished by means of a 4-pole 
double-throw relay. When the re¬ 
lay is energized, it disconnects the 
high-voltage windings from the 
rectifier tube and makes them avail¬ 
able by means of a switch. The Va- 
riac, connected to the primaries of 
one filament transformer and the 
plate transformer, controls the a-c 
output. When the switch selects 
the filament transformer, a-c from 
0 to 7.5 volts is available at the 
terminals. With half of the plate 
winding switched in, up to 600 volts 
may be had. With the full winding, 
1,200 volts are available; each range 
being continuously variable. The 
Variac is turned down whenever a 
change is made to prevent arcing 
at the relay contacts. 

The resistance network across 
the output divides the 600 volts d-c 
into four ranges, each range being 
approximately a 125-volt step, de¬ 
pending on the current being 
drawn. Thus for the first range 


the voltage is 0 to 125, the second 
from 126 to 260, the third from 250 
to 375 and the last from 375 to the 
full 500. The arrangement of the 
potentiometers gives a very smooth 


control between ranges and allows 
voltages as low as 0.05 to be easily 
obtained. The two 10,000-ohm po¬ 
tentiometers are General Radio type 
314A, rated at 8 watts. 


Power Supply for Microwave Equipment 


Continuously variable from 300 to 5,000 volts, the voltage- 
regulated power supply described utilizes an electronically 
controlled servo motor to automatically adjust an auto¬ 
transformer. The d-c output of the device has less than 
three millivolts ripple at all voltages 


By OLIVER HOAO 


D ue to recent trends toward high 
frequencies, power supply re¬ 
quirements have become more strin¬ 
gent. In microwave equipment, op¬ 
erating voltages ntust be extremely 
stable to maintain necessary fre¬ 
quency stability. This is particularly 
true in the case of laboratory equip¬ 
ment. 

The requirements for an adequate 
voltage supply in the laboratory op¬ 
eration of the majority of microwave 
tubes are: 

(1) It should have excellent regu¬ 
lation for line voltage fluctuation, 
less than five millivolts of ripple, and 


efficient control for load current fluc¬ 
tuation. 

<2) The output voltage should be 
smoothly variable without steps 
through the entire voltage range. 

(8) Operation should be conven¬ 
ient and simple, with a minimum 
number of controls. 

(4) The supply should be fully 
protected for the safety of the oper¬ 
ator and of the tube under test 

(6) To be useful for medium and 
high-power tubes, voltage and cur¬ 
rent range should be wide. 

The ccmimon inverse-feedback reg¬ 
ulator circuit cMi be designed to give 


the required regulation at low volt¬ 
ages. However, at higher voltages 
more glow-discharge, voltage-regu¬ 
lator tubes for the reference voltage 
are necessary. For an output of 
6,000 volts, approximately 81 type 
OD8/yRl60 tubes would be neod^. 
Furthermore, most voltage-regulator 
tubes have small spasmodic varia¬ 
tions in the order of 0.1 to 0.6 volt.* 
Because even the flnest voltage-reg¬ 
ulator tubes have some spasmodic 
variations, the chance of a vdtage 
shift is multiplied by the number of 
voltage-regulator tubes in the string, 
and any changes that do occur win 
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FIG. 1—^EsMiitliil •tomMits of th« voltog# regulator 


appear in the output. Such disturb¬ 
ances can be observed in the output 
of all high-voltage regulators, and 
can usually be traced to the VR tubes. 

Conventional low-voltage regulator 
circuits usually include some kind of 
compensation for input voltage vari¬ 
ations but satisfactory compensation 
is not possible when the number of 
VR tubes in the circuit is changed 
frequently. 

Another objection to a power sup¬ 
ply using many VR tubes is the num¬ 
ber of controls necessary for its oper¬ 
ation. Three adjustments must be 
made for each voltage setting; a 
coarse tap-switch control, a trans¬ 
former primary voltage adjustment 
to put the correct voltage across the 
regulator tube, and a hne control 
setting. 

This paper describes a voltage reg¬ 
ulator system of four main parts, 
meeting all five requirements of a 
high-voltage supply for laboratory 
use. The output is smoothly and 
continuously variable from 300 to 
5,000 volts or higher, using one knob. 

While designed for laboratory use 
on microwave oscillators and ampli¬ 
fiers, the characteristics of this regu¬ 
lated supply are such that it should 
prove useful for many other applica¬ 
tions requiring high voltages with 
good flexibility and regulation, pro¬ 
vided the positive output can be 
grounded. 

The block diagram in Fig. 1 shows 
the four essential units. The servo- 
transformer unit consists of a three- 
phase autotransformer to vary the 
primary voltage of the high-voltage 
transformer (and thus the d-c input 
of the electronic regulator), a revers¬ 


ible servo motor geared to the auto¬ 
transformer, and a control circuit. 

The operation of the control cir¬ 
cuit can be seen by reference to Fig. 
2. The regulator-tube voltage ap¬ 
pears across the divider Ri, R», 

The voltage appearing across R, is 
compared with the independent plate 
supply and the difference is the bias 
for V„ the left-hand section of the 
double triode. Similarly, the differ¬ 
ence between the voltage appearing 
across R, + R, and the plate supply 
is the bias for V„ at the right. The 
value of this voltage is greater than 
that applied to V,. 

With normal regulator-tube volt¬ 
age, F, conducts and V« does not. 
Then the contacts of both relays are 
open and the motor is not operating. 
As the regulator-tube voltage be¬ 
comes lower, the V« bias becomes less 
negative, and this tube conducts, 
energizing the RAISE relay. The 
bias of Vr is also decreased, but since 
Vi was already conducting, the 
change has no affect on the LOWER 
relay. Thus, the motor operates to 
restore the regulator-tube voltage, 
until the restored voltage cuts off Ft* 

When the regulator-tube voltage 
becomes too high, the increased Fi 
bias cuts off tube F,. This de-ener- 
gises thp LOWER relay, thereby clos¬ 


ing its contacts to operate the motor 
to lower the voltage to normal. 

The normal voltage bandwidth can 
be adjusted by R,. Its centerpoint is 
set by Rt. This servo control is neces¬ 
sarily a discontinuous type* because 
a primary voltage correction should 
be made only when the regulator tube 
is getting too near the limit of its 
ability. Narrower bandwidth is not 
desirable. 

Before power is applied to the 
transformer, or before the 6SN7GT 
is warm, the relays are in a position 
to lower the autotransformer. The 
failure of either the 6SN7GT or the 
5Y8GT tube would result in a low¬ 
ering of the transformer primary to 
zero. Thus this control circuit is in¬ 
herently safe. This servo-trans¬ 
former arrangement can be made to 
work with existing regulator circuits 
as well as with the one described. 

Reefifler aad Filter 

The rectifier of Fig. 1 Is a con¬ 
ventional six-phase single-Y circuit 
with delta primary. The primary is 
rated at 208 volts, 60 cycles. The fil¬ 
ter requires some special considera¬ 
tion because neither the positive nor 
the negative lead is grounded. In¬ 
stead, the positive output after the 
regulator must be grounded in most 




riQ, 2—Electronic circuit lor control of Iho 
■orro motor which ii goarod to tho cnilo- 
tronilormor 

PIG. 3—^Although Iho output of thin flltor 
cannot ho grounded, copacltere A and B 
bypow to ground tho high pooki ccniood 
by dietrUrutod copodtonco of tho trono- 
former 
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FIG. 4—Inverse-ieedback type of requlator with auxiliary voltage source to supply the reference voltage 


microwave work. Since the positive 
output is not common with any lead 
in the filter, the latter must float with 
respect to the ground. This would 
interfere with the filtering action and 
produce spikes too large to be cor¬ 
rected by ordinary regulator tube.s. 
Figure 3 shows how the filter is by¬ 
passed in a w'ay to eliminate the 
spikes caused by the distributed 
capacitances in the transformer. 
High alternating voltages are by¬ 
passed to ground through each 0.1 
id capacitor. 

Regulotor Circuit 

The circuit of Fig. 4 shows an in¬ 
verse-feedback regulator with some 
fundamental changes. To eliminate 
the long string of voltage-regulator 
tubes employed in older regulators, 
an independent regulated auxiliary 
voltage source is used. This serves 
two purposes; first, it supplies the 
reference voltage and it is extremely 
stable and constant; second, it is a 
constant plate supply for the regu¬ 
lator’s direct-coupled amplifier. 

The reference voltage is compared 
in the right-hand section of the 
6SL7GT to that appearing across Ri, 
The difference is the signal which, 
when greatly amplified, drives the 
6B4G regulator tubes. The auxiliary 
voltage source is constant for all 
output voltages. 

When the regulator is operating at 
high voltages, R^ = 12 x Ri and the 
magnitude of the d-c signal is re¬ 
duced by the factor R,/Ri -f R» or 
1/13. At lower output voltages, this 
factor approaches unity. Actually, 


however, the gain of the amplifier 
(estimated to be greater than 15,- 
000) is so large that this voltage di¬ 
vision becomes negligible. Further¬ 
more, the capacitor C, increases the 
factor to nearly unity for rapid 
changes in the divider by effectively 
shunting R,, 

Because of the high gain, the regu¬ 
lator has a strong tendency to oscil¬ 
late, but the addition of capacitor C> 
across the output prevents the over¬ 
compensation caused by the high 
gain. The stabilization ratio is de¬ 
fined as dEjdE. where E, is the volt¬ 
age applied to the regulator and E. 
is the regulated output. Although 
difficult to measure accurately, this 
ratio of the changes m voltages is 
estimated to be over 10,000. 

Assuming the reference voltage to 
be constant, the most likely cause of 
voltage drift is the divider A, 
Resistor R, is a commercial one-watt, 
J-percent, wire-wound precision re- 
sistor. The other, A> is a special 
variable resistor. The divider car¬ 
ries only 0.5 ma of current and the 
resistors dissipate only about 18 per¬ 
cent of their rated values. Thus the 
temperature rise, and hence the re¬ 
sistance change, is held to a mini¬ 
mum. 

Various attempts were made to 
measure the drift, and because of the 
necessity of maintaining a bucking 
or reference voltage more constant 
than the voltage being measured, the 
system shown in Fig. 5 was used. 

The regulated reference supplies 
are extremely stable and were thor¬ 
oughly warmed up before the meas¬ 


urements were made. The voltage to 
be measured is adjusted to a value 
close enough to the total reference 
voltage to make the difference within 
the range of the recording voltmeter. 
This method shows a drift of less 
than 0.1 percent during the first five 
minutes of warm-up of the regu¬ 
lator, and not more than 0.01 percent 
at any time thereafter. 

Resistor A in Fig. 4 is made up of 
ten two-watt composition volume 
controls connected as rheostats. 
There are 475 volts maximum across 
each one and 4,750 volts across the 
ten. They are rated at 500 volts each. 

The ten volume controls are 
mounted on vacuum-impregnated 
linen Bakelite and driven by gears 
made of impregnated Bakelite. The 
normal backlash in these gears pro¬ 
vides the basis for a combination 
coarse and fine control of the regu¬ 
lated voltage. 

When the control knob, which has 
a 12 to 1 ratio to the volume control 
gears, is turned in one direction, the 
first volume control alone changes its 
resistance. Then the second takes, 
and later the third, until finally, 
when all the slack is taken up, all ten 
are turning. At first, the control is 
ten times as fine as when all the vol¬ 
ume controls are moving. When the 
control knob is reversed, it is again a 
fine control. On the panel, the knob 
is labeled, MASTER CONTROL: 
(Coarse; turn continuously. Fine; 

rock back and forth). 

The regulated auxiliary voltage 

source is indicated by a block in Fig. 
4, and is shown in schematic form in 
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FIQ. 5—^Block diagram Illustrating msthod 
ol msosurlng drilt 

FIG. 6—Circuit of ths auxiliary voltags 
Bourca usod for rsfsrsncs. This unit sup- 
plias plate Toltage for the d-c amplifier of 
Fig. 4 



Fig. 6. It is an independent constant 
voltage source, although it may be 
operated from the same a>c line. In 
this case, it is supplied by one of the 
208-volt lines and neutral. There¬ 
fore, the primary on the transformer 
is wound for 120 volts, single phase. 

The output of the auxiliary unit 
is first electronically regulated and 
then again regulated by the glow-dis¬ 
charge tubes. This inverse-feedback 
regulator does depend upon a glow 
discharge tube for its reference, but 
only one type VR75 is used and it is 
supplied from the regulated side of 
the 6Y6G tube. The VR76 was se¬ 
lected because of its freedom from 
spasmodic variation found in other 
glow-discharge tubes. The slope of 
the top VR75 provides excellent com¬ 
pensation for the slope of the bottom 
VR76\ 

For the safety of inexperienced 
or careless operators, and for safety 
in servicing, a closed cabinet is used 
with an interlock switch, which 
opens the main three-phase relay 
when the rear door is opened. The 
regulated auxiliary voltage source 
and all filaments, except those in the 
servo-transformer control circuit, 
operate with the interlock open. The 
opening of the interlock prevents the 
application of any vol^ge to the 
autotransformer and prevents the 
operation of its control circuit. The 
high-voltage output jacks are located 
inside the cabinet, and leads to them 
are brought in through separate 
grommets. When there is any output 
voltage, no work can be done on the 
supply, and high-voltage connections 
cannot be made. 

If failure in the control circuit of 


the servo transformer allowed it to 
run to its highest position, many 
times the proper plate voltage would 
be applied to the regulator tubes. 
Since this would be beyond the abil¬ 
ity of the electronic regulator to cor¬ 
rect, the output voltage would also 
increase to an excessive value. Regu¬ 
lator tubes, and perhaps other val¬ 
uable equipment, would be damaged. 
Two things were done to prevent 
such an occurrence. 

First, the circuit shown in Fig. 2 
is made inherently safe, in that fail¬ 
ure of either tube to conduct will re¬ 
sult in lowering the servo trans¬ 
former to minimum, where it will 
remain. And second, included in the 
regulator circuit of Fig. 4 is a triode- 
operated relay which must be closed 
for the operation of the main high- 
voltage relay. 

The grid of the 6J5 triode receives 
its bias from the difference between 
the voltage across R, and the auxil¬ 
iary voltage source which is its plate 
supply. If this bias gets too high, 
(and it will if the servo transformer 
goes too high) the triode cuts off, 
opening its relay. The relay contacts 
are in series with the main high- 
voltage relay coil and thus all high 
voltage is removed. The main high- 
voltage relay (not shown) is so con¬ 
nected that it will not close except 
when the servo transformer is at 
minimum. When this main relay is 
open, the motor can lower the servo 
transformer, but cannot raise it. 
Thus, should the voltage across Ri 
become excessive, the high voltage 
is shut off and cannot be applied ex¬ 
cept under safe conditions. 

Ion bursts in some klystrons 


cause a sudden and severe surge in 
the beam current which may dam¬ 
age the power supply and its current 
meter. An over-current relay with 
contacts in series with the high- 
voltage relay coil, and a choke in 
series with the current meter, pro¬ 
vide excellent protection from such 
overloading. The choke will delay 
meter deflection until the relay opens 
the main high-voltage relay. Tests 
indicate that with these safeguards, 
the power supply can be shorted or 
subjected to a sudden open-circuit 
without damage, that failure of any 
tube will not cause damage to any 
other part, and that interruption of 
the power line will safely shut the 
supply off. Magnetic breakers in the 
a-c lines provide additional protec¬ 
tion against internal breakdowns 
and will operate within one-half 
cycle. 

Tests show that the high-voltage 
regulator has a d-c output with less 
than three millivolts of ripple which 
is approximately the same at all 
output voltages. At 6,000 volts, this 
is 6 X 10“ percent and at 300 volts 
it is 1 X 10“ percent. When viewed 
on a high-gain oscilloscope, the out¬ 
put is practically free from transient 
jumps. It can handle a 3-ma or a 
500-ma load with equal facility. The 
maximum output current of the reg¬ 
ulator is limited only by the number 
of regulator tubes used. 
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Filter Ripple Chart 

Where choke input is used, output characteristics are readily predetermined. 
Curves are given for 50 and 60-cycle, half-wave and full-wave, and single 
and three-phase rectifiers. A rectifier attenuation table is included 

By C. K. HOOPER 


W HEN USING choke-input fil¬ 
ters, the output ripple of 
rectiller-type power supplies can 
be predetermined from the ac- 
companyinsr chart. 


It is necessary to know the 
inductance value, in henrys, and 
the capacitance, in microfarads, 
for each filter section. Knowing 
the product of these two terms, 


the amount of attenuation in db 
for each filter section can be 
read directly on the chart. 
Curves are given for 60-cycle 
(dashed lines) and 60-cycle 
(solid lines) power, for the four 
types of supplies most often used 
in industrial equipment. 

To obtain the total output rip¬ 
ple in db below the d-c level, the 
equivalent rectifier attenuation 
must be added to that of the filter 
sections. 

PracHcal Ixomple 

The following example will 
illustrate the use of the chart. 
Assume that a single-phase full- 
wave rectifier operating from a 
60-cycle supply has a two-stage 
choke-input filter. One of the 
filters consists of a 2-henry choke 
and 15-/if capacitor. The other 
filter consists of a 2-henry choke 
and 20-/if capacitor. 

For the first filter, with an L-C 
product of 2 X 16 =r 30, the at¬ 
tenuation is read as 24.5 db. The 
second filter has an L-C product 
of 2 X 20 = 40 and the attenua¬ 
tion is read as 27 db. From the 
table the equivalent rectifier at¬ 
tenuation of a single-phase full- 
wave rectifier is given as -h 6.6 
db. 

The total resulting ripple at¬ 
tenuation is the sum of that of 
the individual filter sections plus 
that of the rectifier. In this case, 
the total is 24.5 + 27 -f 6.6 = 68 
db rms below the d-c level. 
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Automatic Control of Battery Charging 

By E. L. DEETER aid A. C. PLAUTZ 


To OPERATE special electronic equip¬ 
ment designed for a-c line use it 
was necessary to convert the d-c 
available on a ship. Furthermore, 
it was imperative that storage bat¬ 
teries be utilized as an emergency 
source in case the ship’s power sup¬ 
ply failed. The automatic electronic 
control system herein described was 



FIG. 1—Bogie ehorgiae circuit In which 
o monuolly opnrotnd ewiteh It umd for 
lUuttrotloa 


developed to insure a constant d-c 
supply for the rotary converters. 

In the basic circuit of Fig. 1, the 
rotary converter, supplying a-c to a 
fixed load, is connected on the d-c 
side to a power source having an 
emf considerably higher than that 
required to operate the converter 
properly. A series resistor, £t> is 
varied to adjust the current and 
voltage. The emergency battery Bi 
is connected across the converter 
input and will draw current when 
its voltage drops to a value below 
that of St. Connected in this man¬ 
ner, the battery affords an excellent 
filter for line voltage variations 
that are inherent in most d-c dis¬ 
tribution systems. 

Let us assume that the storage 
battery Bt has been properly 
charged, and in this instance shows 
an emf of 86 volts. If the resistance 
of Ri is slowly decreased, the dis¬ 
charge current /. of the battery will 
likewise decrease as the voltage 
across St Increases. When Sb be¬ 
comes 86 volts, no current will flow 
in or out of the battery, and it will 
float on the line. 

However, this condition is not 
easily maintained and is not desir¬ 
able with this control system. The 
resistor A. is increased, or set to a 
value that allows a slight discharge 


of the battery. If, after the battery 
voltage has decreased to 35 volts, 
the switch SWi is closed, the battery 
will start its charging cycle, pro¬ 
vided the resistor /?, is of the 
proper value to raise the voltage 
acros.s the battery. By proper choice 
of the resistors, and with a constant 
converter load, the times of the 
charge and discharge cycle may be 
made equal. 

The function of the electronic 
control circuit is to operate SWi, at 
the proper time intervals. The 
method by which this is accom¬ 
plished may best be explained by 
reference to Fig. 2. In this sche¬ 
matic a battery Bj is placed in series 
with, and its polarity opposing bat¬ 
tery Bu 

The bias voltage on the 2050 gas 
tube will be the algebraic sum of 
the two battery potentials. Suppose 
the storage battery B, has been 
slightly discharged and has an emf 
of 35 volts. If the Bs source is 33 
volts, the gas tube will be biased to 
two volts negative and will not allow 
the tube to ionize on the positive 
peaks of the plate supply. 

A further slight decrease in the 
emf of B, causes the bias to become 
less negative and the gas tube ig¬ 
nites to close the relay RL when the 
critical bias condition is reached. 

Closing of relay RL places the re¬ 
sistance of R, in parallel with the R^ 
resistance and initiates the charg¬ 
ing cycle. It is also responsible for 
another change vital to the opera- 



PI3. 2—Elsetroalc diarglae eontfol dieult 
with Scrttsry Sa rapplytag a relerenc* 
Tolaiee 


tion of the control circuit. The 
transfer switch BWa places a higher 
potential in .series with the battery 
B„ lowering the bias on the tube to 
a lower negative value than that 
causing the transfer. This incre¬ 
mental decrease determines the 
amount of charge (and emf in¬ 
crease) necessary to interrupt the 
charging cycle. 

Using a battery as shown by B, 
in Fig. 2, the battery voltage of Bi 
would vary li volts between cycles, 
as the smallest increment usable 
would be li volts. In the circuit of 
Fig. 8, this increment may be ad¬ 
justed to any desirable value over a 
considerable range. Circuit resist¬ 
ances and associated voltage drops 
limit the minimum practical incre¬ 
ment to about a half volt when the 
total battery is of the order of 86 
volts. 

In Fig. 8, a regulated d-c supply 
is substituted for battery B» of Fig. 
2. Controls Px and P» of the regu¬ 
lated supply make it possible to ad¬ 
just the starting and stopping point 
of the charge and discharge cycle. 

The control unit operates from 
the a-c output of the converter, as¬ 
suring constant filament voltage for 
the tubes. 

A small time constant at the con¬ 
trol grid of the 2050 tube is intro¬ 
duced by means of B« and C 4 . The 
capacitor C, is essential in prevent¬ 
ing chatter of the relay when the 
cycling increment is less than one 
volt. 
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Voltage-Stabilized Bias Supply for Power 

Tubes 


When voltage-stabilized power 
supplies are employed for bias on 
power tubes the flow of grid current 
of the power tube is in the reverse 
direction to current flow in the 
bleeder resistor of the bias supply 
and tends to remove the load from 
the supply. The diagram shows the 
circuit of a degenerative, shunt-type, 
voltage-stabilized bias supply that 
maintains a 65-volt output within 
very close limits on reverse current 
swings up to 200 milliamperes. This 
circuit was developed by George E. 
Pihl, and is described by him in 
Bulletin No. 10 published by the 
College of Engineering. Northeast¬ 
ern University, Boston. 

In the conventional shunt type of 
voltage stabilizer circuit, two 2A3 
tubes can produce an output of about 
60 volts when handling a grid cur¬ 
rent swing of 100 milliamperes. With 
such a current swing an output volt¬ 
age deviation of about 8 volts takes 
place. Using the same tubes in the 
amplified shunt stabilizer circuit 



tab* oi* mlalmlBod by tb* roltcig* ito- 
bUiser sbowa h*f* 


shown in the diagram the change in 
output voltage becomes 0.2 volt with 
the same current swing. 

Oparofion of tko Circuit 

When the circuit is used to supply 
bias to a modulator or other power 
tube the periodic increase of grid 
current causes a small change in the 
output voltage of the stabilized sup¬ 
ply. This change in output voltage 
in turn is applied through the voltage 
regulator tubes, VR-150 and VR-105, 
in series with resistor P„ to produce 
increased bias on the grid of Ti, a 
6J7 tube. This action decreases the 
plate current of the tube, the plate 
becoming more positive. The positive 
voltage change is applied to the grid 
of Tt and effectively lowers the plate- 
to-cathode resistance of the tube. The 
lowered resistance permits additional 
grid current of the power tube to 
flow through Tg and stabilize the cir¬ 
cuit. 

To minimize the deviation of out¬ 
put voltage necessary for operation 
of the system the change of resist¬ 
ance of Ts is made large for a small 
change of grid voltage of Tu Tube 
Tg must be capable of a total current 
variation of from 10 to 210 ma at a 
plate voltage of 65 volts without hav¬ 
ing its grid go positive. A pair of type 
48 tubes operated in parallel as tri- 
odcB can pass 210 milliamperes at 65 
volts and zero bias, and were there¬ 
fore used. 


Operating potentials at various 
points in the circuit are indicated in 
the diagram and are referred to the 
negative side of the input voltage 
source. An initial current of 10 ma 
through the 48 tubes is permitted to 
stabilize the VR-IOS tube. To main¬ 
tain this current, a negative bias of 
25 volts is necessary on the grids of 
the 48 tubes. Another 10 ma is al¬ 
lowed to flow through the VR-150 for 
stabilization. 

The graph shows the change of 
output voltage plotted against grid 
current of the power tube. The rate 
of change of output voltage is ap¬ 
proximately 0.002 volts per ma of 
current flow, according to the slope 
of this curve. This is the same re¬ 
sult that a perfectly regulated source 
of voltage in series with two ohms 
would produce. 

An unstabilized power supply 
would require a two-ohm bleeder re¬ 
sistor to obtain this result and the 
bleeder would be obliged to dissipate 
more than two kw of power. 



Cunr* ol dorlotioB la output voltogo rt. 
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A Variable-Frequency Electronic Generator 

Device operated from 220 v a-c line tnrns out 1400 wafts of power at 
any selected frequency between 300 and 3500 vps. Novel automatic 
control circuit keeps regulation within 1 per cent for output voltages 


T he electronic generator to be 
described was developed to fill 
the growing need for a versatile 
source of a-c power. Several branches 
of the electronic industry require a 
device capable of delivering a reason¬ 
able amount of power to various 
loads, over a wide frequency range. 
Good waveform and good regulation 
under various load conditions are 
also essential requirements. The var¬ 
iable-frequency electronic generator 
was designed to take care of this 
problem. 

The power output of the generator 
is 1400 watts over a frequency range 
of 300 to 3600 cps. The frequency 
stability is better than 2 percent 
after the initial warm-up period. 
Output voltage is adjustable between 
85 and 125 v rms. The regulation is 
better than 1 percent from no load to 
full load. The waveform is substan¬ 
tially sinusoidal under operating con¬ 
ditions ordinarily encountered. 

Typical Applleaflont 

Operating requirements of much 
airborne radio and radar equipment 
are such that the equipment must 
function properly even though the 
frequency of the power source varies 
through a wide frequency range. It 
follows, therefore, that a power sup¬ 
ply that can quickly be shifted from 
one frequency to another is a prac¬ 
tical necessity in a number of appli¬ 
cations. 

The design engineer requires such 
a power supply for development work. 
Transformer, capacitor and cable 
manufacturers also need a power 
source of this type in order to meet 
test requirements. Government spe¬ 
cifications frequently call for com¬ 
plete systems tests on the production 
lines, over a wide range of power 


between 85 and 125 v 

By DANA A. GRIFFIN 

frequencies. The creation of high 
audio frequency vibrations for test 
purposes, employing magnetostric¬ 
tion devices actuated by the elec¬ 
tronic generator, is another interest¬ 
ing application. 

In addition to factory and labora¬ 
tory applications there are others ap¬ 
plying to maintenance and service. 
For example, radio installations in 
aircraft can be tested in the plane or 
serviced in the repair shop without 
resorting to the gasoline-driven air¬ 
craft power supplies ordinarily em¬ 
ployed. 

The basic approach to the problem 
of designing a variable-frequency 
electronic power source is well known 
to those familiar with the design of 
radio telephone transmitters. The 
generator employs a tunable audio 
oscillator and several stages of audio 
amplification in cascade, the final 
stage using a pair of power tubes op¬ 
erating as a Class B amplifier. Sim¬ 
ilar amplifier arrangements are used 
in many modulator system.s in radio 
transmitters. 

General Cirenlf Arran9ement 

The electronic generator differs 
from a transmitter modulator system 
in that a variable-frequency audio 
oscillator is connected to the input 
stage in place of a microphone. The 
frequency can then be adjusted by 
turning the frequency control knob 
of the oscillator. The only serious 
problem in ‘design is the problem of 
regulation. Inasmuch as the imped¬ 
ance of the final amplifier stage is 
several thousand ohms, the regula¬ 
tion of such systems is ordinarily 
poor. Unless special provision is 
made to insure good regulation, out¬ 
put voltage may vary considerably 
from no load to full load. 


An electronic control circuit em¬ 
ployed in the electronic generator 
changes this picture completely. 
Through the operating range of the 
control circuit, the regulation is bet¬ 
ter than 1 percent, and the recovery 
time when the load condition is dras¬ 
tically altered is less than a second. 

The block diagram across the top 
of the accompanying drawing shows 
the overall electronic generator cir¬ 
cuit. Twh) of the three schematic dia¬ 
grams appearing below within dotted 
lines constitute ‘'blow-ups'* of cir¬ 
cuits within individual blocks to 
which they are appended. The other 
schematic, at the bottom, shows de¬ 
tails of a regulated power supply unit 
to be discussed later. Blocks for 
which schematics are not shown are 
conventional and need no elaboration 
here. 

The oscillator employs two tubes in 
a conventional RC circuit. Two fre¬ 
quency ranges are provided, 300 to 
1000 cps and 1000 to 3500 cps. A 
switch is provided to select the range. 
The tuning dial is supplied with a 
double-ended pointer so that the cali¬ 
bration scale for each range may oc¬ 
cupy approximately 180 deg. 

The oscillator drives the 6L7 tube 
in the control circuit (shown sche¬ 
matically). Output of the 6L7 drives 
the phase-inverter 6SN7. The 6SN7 
is followed by push-pull 6A3*s in 
Class A, which drive 812's in Class B. 
The 812's drive the final stage, using 
833-A's in Class B. 

With a given amount of drive to 
the final amplifier, the output voltage 
at the secondary of Ti will ordinarily 
vary through wide limits when con¬ 
trol is not provided, being dependent 
upon the load. The solution is simple, 
if we approach the problem from 
the correct angle. 
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The maximum load to be used is 
connected to the output transformer. 
Then the drive to the final amplifier 
is adjusted to deliver the proper vol¬ 
tage to this load. This is accomp¬ 
lished by control of potentiometer 
Pa, in the grid of the 6L7 control tube. 
If the load is removed, the output 
voltage will rise quickly under ordi¬ 
nary circumstances. The function of 
the control circuit is to prevent this 
by reducing the drive to the final 
amplifier whenever the output vol¬ 
tage exceeds the predetermined level. 

An isolation transformer T, feeds 
output voltage to the 6H6 diode in 
the control circuit This transformer 
is used so that the output circuit 
may be kept independent of the 
ground systm of the generator. The 
normal 120-v output at the secondary 
of Tt is reduced to 40 volts at the 
diode by Tt. Potentiometer Pi, in the 
cathode circuit of the 6SJ7 d-c ampli¬ 
fier, is adjusted so that the positive 


bias normally generated by the diode 
is cancelled and the 6SJ7 is operating 
at a point close to plate current cut¬ 
off. A slight negative bias on the 
injector grid of the 6L7 results be¬ 
cause of the small plate current of 
the 6SJ7. The control grid bias on 
the 6L7 control tube is adjusted by 

means of P^. The latter is adjusted 
so that the output of the 6L7 is 
linear through the control range. 

When adjusted as described, the 
control circuit operates as follows: 
The output of the diode increases 
when the load on the generator is 
reduced. The 6SJ7 grid bias becomes 
le8.s negative and 6SJ7 plate current 
increases, which puts increased nega¬ 
tive bias on the 6L7 injector grid. 
This reduces the drive to the final 
amplifier so that the output voltage 
is held to a value extremely close to 
that obtained under the full load 
condition. 

Because the control circuit is con¬ 


nected from the input of the system 
to the output, the arrangement is 
one conducive to oscillation. For this 
reason the constants in the diode 
circuit must be such that the system 
will not ‘‘take off" in a low frequency 
oscillation. With the values given, 
tendency to oscillate is eliminated. 

Naturally, the output voltage can 
be changed from zero to maximum 
(150 v) under load by the adjust¬ 
ment of Pn. Complete functioning of 
the control circuit, is, however, 
limited to the range between 85 and 
140 volts at the secondary of Ti. This 
range of control is suflScient to cover 
most applications. Where additional 
voltage is needed with good regula¬ 
tion, the use of appropriate step-up 
or step-down transformers is indi¬ 
cated. 

•las Sepply Defallt 

One other design problem was the 
construction of a suitable grid bias 
power supply for the final amplifier. 
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As the 888A tubes require a negative 
bias of 70 v and the peak grid cur¬ 
rent under full load is around 800 
ma, it was necessary to consider the 
problem of securing a bias supply 
of good regulation. In ordinary 
times a small d-c generator might 
be considered for this application as 
such a generator satisfies the require¬ 
ment of low impedance. The output 
voltage is not independent of line 
voltage, however, and the procure¬ 
ment situation at the moment is 
extremely difficult. For these rea¬ 
sons the electronic approach was 
again resorted to with excellent 
results. 

Conventional regulator circuits 
did not appear to work well here as 
complete control was required at the 
iow output voltage of 70 v. The 6J6 
and the 991 tubes shown schemati¬ 
cally at the bottom of the schematic 
provide a stabilized bias for the 
6SJ7 bias supply unit control tube 
that operates above ground potential 
in a negative direction. The high 
voltage supply using a pair of 88 
rectifiers, also shown schematically, 
delivers 260 v to the four 6L6 regu¬ 
lator tubes, so that a voltage of 70 
volts at 860 ma is developed across 

Of course, regulation is not a seri¬ 
ous problem until the 888A tubes 
begin to draw grid current Under 
such conditions increasing grid cur¬ 
rent tries to increase the voltage 
appearing across R,. The control 
tube then Increases the bias on the 
6L6 regulator tubes so that the bias 
voltage is maintained at a constant 
value. As the system is independent 
of reasonable line voltage changes, 
and as the impedance is substantially 
zero insofar as variations in voltage 
caused by grid current are concerned, 
the supply affords an excellent 
answer to the bias problem. 

Meeheeisel OesifB 

The mechanical design of the gen¬ 
erator was undertaken while keeping 
in mind the different requirements 
occasioned by different types of use. 
In a laboratory, complete control 
should be available for the engineer. 
In some shop applications where a 


fixed critical frequency is needed the 
controls should be made inaccessable 
to unskilled operators. For this rea¬ 
son the front door of the cabinet is 
provided with locks and the small 
door covering the control panel can 
also be locked if desired. The sides, 
back, and top of the cabinet are made 
of expanded metal to insure adequate 
ventilation. Openings are provided 
in the rear of the back panel so that 
a-c line input and power output 
cables can easily be brought in to 
fuse blocks on the lower deck. 

The lower deck is given over to a 
SOOO-v plate supply for the 8SSA 
tubes and a 1600-v plate supply for 
the 812 tubes. Control equipment in¬ 
cludes a time-delay relay which 
delays the application of high vol¬ 
tages until the rectifier tubes have 
had an opportuni^ to warm up. An 
adjustable overload relay is also 
included. A safety interlock switch 
is operated when the front door is 
opened. 

The chassis on the second deck in¬ 
cludes a 800-v regulated supply for 
the low-level audio stages and the 
output voltage regulation control 
circuit The audio oscillator and the 
C bias supply for the 8S3A and 812 
tubes are also located on this chassis. 

The top deck is devoted to the high 
level Class B output stage. As the 
heat dissipation from the tubes is 
quite large a polished baffie plate is 
located between the tubes and the 
output transformer to prevent the 
latter from overheating. Suflteient 
room is available on this deck to 
install corrective elements where the 
load is highly inductive. 

The control panel includes all of 
the controls essential to operation 
once the switch from the power line 
has been closed. The plate switch on 
the left controls the high voltage 
to the two Qasf B stages. This en¬ 
ables the operator to cut off the 
power output, without shutting off 
the whole unit, to conserve the life 
of the 888A's. The power could, of 
course, be cut off by means of a line- 
switch in the output circuit but the 
method used is desirable from a tube 
conservation standpoint If an over¬ 
load occurs the overload relay op¬ 


erates, removing the high voltage. 
When the trouble is cleared, opera¬ 
tion of the overload-relay push-but- 
t<Ni switch will again apply plate 
voltage to the power tubes. The third 
control from the left is the audio 
oscillator frequency range switch 
and the next of course, is the fre¬ 
quency control dial. The audio gain 
control, at the right of the frequency 
control dial, is adjusted to give re¬ 
quired output under full load. The 
last control, for diode threshold ad¬ 
justment permits the circuit to be 
externally adjusted for best regula¬ 
tion. 

Iledroeie tteMretor MelMey 

The power requirements are 8.6 
kw from a single-phase 60-cycle line. 
An auto-transformer is induded in 
the unit so that voltages from 208 to 
260 V can be used. Taps are provided 
on the transformer at 10-v intervals 
within this range. The overall effi¬ 
ciency of the system is better than 
40 percent This of course does not 
Compare favorably with rotary ma¬ 
chines but on the other hand the 
wide frequency range and excellent 
regulation cannot be secured by 
mechanical means. 

In closing, it is well to point out 
that the design described was in¬ 
tended to cover as many industrial 
applications as possible consistent 
wi^ reasonable cost Different fre¬ 
quency ranges and power outputs 
are design variables that may be 
changed to meet special cases. The 
first is quite easy to shift within 
reasonable limits by changing the 
constants of the audio oscillator. 
Good performance can be expected 
through a frequency range limited 
in extent only by the performance of 
the Class B transformers. 

Considering the second design 
variable, it is obvious that the num¬ 
ber of watts per dollar will decrease 
at lower power outputs and increase 
with higher power outputs. This is 
true because the chief changes are 
related to the type of tubes used in 
the final amplifier and the size of the 
final amplifier voltage plate supply. 
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Sensitivity Limits in Radio Manufacturing 

Statistical procedure for determining economical sensitivity limits of receivers coming off 
a production line, and use of a preselected average set of tubes to determine if rejection 
of a receiver is due to circuit trouble or to an unfortunate combination of tubes 


E ven with the most careful con¬ 
trol in manufacture the per¬ 
formance of finished radio receivers 
of a given design will vary. The 
performance can be described in 
terms of various operating charac¬ 
teristics such as the selectivity, 
sensitivity, maximum power out¬ 
put, avc action, and distortion (us¬ 
ing the terms in a very general 
sense). These characteristics are 
not independent of one another, nor 
are they all of the same importance. 

The present discussion directs at¬ 
tention to the sensitivity alone, de¬ 
fining it in terms of microvolts in¬ 
put to give a stated output (in 
watts or in volts). The sensitivity 
will vary from one receiver to an¬ 
other, and the question arises as to 
how much variation should be ex¬ 
pected or allowed. This question 
can be answered through straight¬ 
forward statistical analysis. 

Suppose we consider a more or 
less conventional six-tube receiver 
as indicated in Fig. 1. Here there 
are at least eleven variable factors 
in the circuit which will affect the 
overall sensitivity—the nine gain 
factors /i. 1 , fiR, /ia> • • • of the coup¬ 
ling circuits and tubes, the coup- 


By A.8. BLATTEBMAN 

ling resistor and the B supply 
voltage. 

In the course of manufacture and 
assembly of receivers, suppose that 
each of the above eleven factors var¬ 
ies =tlO percent. The total overall 
gain of the receiver (its sensitivity) 
might then, if we happen to get all 
low-value factors together first and 
all high-values factors next, vary in 
the ratio of (1.1/0.9)” and give a 
range of over 9 to 1 in sensitivity. 

Sfondard Deviafioa Unit 

It will now be shown that the 
principle just used, taking all the 
possible maximum and minimum 
limits for determining the limits 
of a complete assembly of parts, is 
not economically justified. It will 
also be shown how proper economic 
limits may be specified. 

If the gain factor (the mutual 
conductance of a large number 
of supposedly identical vacuum 
tubes is measured, it will be found 
that there is a certain distribution 
of high, low, and intermediate 
values. Under commonly existing, 
controlled conditions of manufac¬ 
ture, the distribution will follow 


the normal or Gaussian law typified 
by the curve of Fig. 2. About 68 
percent of all values of gm will be 
within rhl standard deviation 8 
from the average value, about 95 
percent within db2 standard devia- 
ations 2s, and 99.73 percent within 
:±:3 standard deviations 3s from the 
average. 

The standard deviation s is a sta¬ 
tistical measure of dispersion and 
by formula is the square root of the 
average of the squared differences 
from the arithmetic mean 

j _ ^(■V.--Y)»+ (-Y,-.Y)»4- .... 

( 1 ) 

where n is the number of observa¬ 
tions and X is the arithmetic mean 
of the n observations. The same 
sort of thing will happen for such 
other circuit elements as coils, re¬ 
sistors and capacitors if measure¬ 
ments are made of Q, or C. 

THbe-Picklng Probabilities 

To go back to the vacuum tubes, 
suppose the average mutual con¬ 
ductance value of a certain kind of 
tube is specified as 1,000 micro- 


flG. 1—SlmplUlod diagram el slx^tube 
receiver uied im escample la lUaetrotlag 
procedure lor selttag seaslllvltf eootrol 
limits lor preduetlea-llae tests 
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xnhos. If a lot of say 100 of these 
tubes is measured, it will be found 
that the average value is very 
closely 1,000 micromhos. The stand¬ 
ard deviation s, when calculated, 
may be 10 micromhos. This means 
then that if we pick out tubes at 
random from a large lot we can be 
quite sure of not getting more than 
about 16 in 10,000 tubes having 
greater than 1,000 4- 3^* = 1030 
micromhos, and no more than 15 in 
10,000 with g,n less than 970 mi¬ 
cromhos. 

With this low probability of pick¬ 
ing a tube having either extremely 
high or extremely low gain, the 
chances of ever getting a combina¬ 
tion of say 5 such tubes into one re¬ 
ceiver, all having highest gain or all 
having lowest gain in a given com¬ 
bination, is exceedingly remote in¬ 
deed. The fallacy of setting per¬ 
formance limits of the assembled 
receiver on the basis of separately 
adding maximum and minimum 
limits of component parts is there¬ 
fore obvious. One would expect al¬ 
most all receivers to give perform¬ 
ance very far within the extreme 
limits that such a calculation shows. 

Suppose that coils, transformers, 
resistors, voltages, etc are held sub¬ 
stantially constant so that receiver 
sensitivity is only affected by the 
tubes, and suppose there are n 
stages of these producing average 
stage gains of /i„ /aj, de¬ 

cibels with standard deviations of 
gain from each of the average 
values of s„ decibels. 

Then for the combination of n tubes 
the value of average overall gain is 

■■ Ml -H Ma -f .-f A»n db (2) 

and the standard deviation of this 
overall gain is 

-h -f" 4-.<lb (3) 

The limits, then, of overall gain /x 
between which we may expect to 
find all receivers except about 3 in 
1000 are /I 4- and Jx — 

As a simple special case to illus¬ 
trate the point of the discussion let 
us suppose that the individual stage 
gains (average) are all the same 
(fx,) and that each has the same 
standard deviation a,. Then Eq. (8) 
becomes = Sin/w, and 99.73 per¬ 
cent of all receivers will show gains 


between the limit values n ih + 
3a, Vn, and n it, — 3»iV^. 

Had we followed the plan de¬ 
scribed earlier of finding these lim¬ 
its from the 3a limits of each stage, 
the overall limit values would obvi¬ 
ously have been n /x, 4- 3a,n and 
n /X, — 3a,M, which is a variation 
from overall average gain \/n times 
as great. The extreme case where 
all tubes are on the low side or all 
on the high side may of course hap¬ 
pen, but the point is that the proba¬ 
bility of it happening is extremely 
small. The situation is shown in 
Fig. 3 for four stages (n — 4). 


Procfielal Applicoflon 


An important practical question 
that arises is, “In the quantity pro¬ 
duction of radio receivers of a given 
type, what high and low limits shall 
be established for sensitivity such 
that within these limits we can be 
sure that variations in sensitivity 
are due solely to normal variations 
in tubes?*' The procedure is as 
follows: 

(1) Select a receiver of the type 
to be dealt with which is known to 
be normal (although perhaps not 
exactly average) in regard to its 
component parts, wiring, etc., and 



FIG. 2—^Variations in mutual conduct¬ 
ance values ol supposedly Identical 
tubes follow the normal or Goussian 
distribution curve shewn here 



FIG. 3—^VarloHon In overoll sensitivity 
of lour stages having eguol goln. The 
maximum limit is twice the proboble 
limit for four stages 


allow it to come up to operating 
temperature with a random lot of 
proper type tubes in the sockets. 

(2) Take successive readings of 
sensitivity input for standard 
output) for say 100 different tubes 
inserted in socket No. 1. These, for 
example, could be 100 different type 
6K7 r-f amplifier tubes taken at 
random from stock. 

(3) Calculate the average sensi¬ 
tivity Xx (/xv) of the 100 readings 
and the standard deviation Si in /xv. 

(4) Insert in socket No. 1 a 
tube which produces this average 
value of sensitivity, and leave it 
there. 

(5) Take successive readings of 
overall sensitivity for 100 different 
tubes of the required type, inserted 
one after the other in socket No. 2. 
Again calculate average value of 
sensitivity of these 100 readings 
and the new standard deviation Ss, 

(6) Insert in socket No. 2 a tube 
which gives this average overall 
receiver sensitivity, and leave it 
there. 

(7) Repeat for each successive 
socket until all sockets are equipped 
with average tubes. 

(8) Measure sensitivity Xn (mi¬ 
crovolts) of the receiver with the 
tubes in the sockets which have 
thus been selected as being average 
tubes. 

(9) Calculate the expected stand¬ 
ard deviation in sensitivity s, of 
the receiver with randomly chosen 
tubes in production from 

St » Xn yl{Si/Xx)^ -h (%/5f,)» 4* . . . . {Sn/Xn)^ 

(10) Set sensitivity limits for 
normal tube variations at Xn + 3s, 
and Xn -• 3s, /xv. 

Suppose that sensitivity limits 
are required for a six-tube set with 
the following tube complement: (1) 
r-f amplifier; (2) converter; (3) 
i-f amplifier; (4) detector—first 
audio; (5) output; (6) rectifier. 

As the first step in the procedure, 
sensitivity is measured in micro¬ 
volts at the antenna and ground 
input terminals, using 100 tubes in 
each socket in turn. The complete 
data and calculations (hypotheti¬ 
cal) for the r-f amplifier stage are 
given at A in Table I. Similar meas¬ 
urements are then made and tabu- 
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1 TABLE 1. 

DHERMINATION OF CONTROL LIMITS FOR 

1 SIX-TUBE SUPERHETEROOyNE RECEIVER 


1 (A) DATA FOR R-F STAGE (r4 tMb« chanz^d 100 hibM fUmd) I 

X 

/ 

freq. of 





_ 

in fiv 

ooourrence 

/ X 

(jr-x) (X- 

X)* / ( A' - X)» 1 

9 9 


2 

19 8 

-0 4 

0 16 

0 32 

10 0 


4 

40 0 

-0 3 

0 09 

0 36 

10.1 


7 

70 7 

-0.2 

0 04 

0 28 

10.2 

20 

200 4 

-0 1 

0 01 

0.20 

10 3 

34 

350 2 

0 


0 

0 

10 4 

19 

197.6 

0 1 

0 01 

0 19 

10.s 


8 

84.0 

0.2 

0 04 

0 32 

10.6 


3 

31.8 

0.3 

0 09 

0.27 

10.7 


2 

21.4 

0 4 

0.16 

0 32 

10.8 


1 

10 8 

0.5 

0 25 

0 25 

Total 

100 1026.7 




2 51 

1 Av. Xi - 1026.7/100 - 

10.3, and standard deviation 

- V2.51/100 - 0.169 I 

1 (B) AVERAGE VALUE OF MICROVOLTS INPUT % AND STANDARD 


DEVIATION 

*. FOR STANDARD OUTPUT 




No. 1 

No. 2 

No. 3 

No. 4 

No. 6 

No. 6 

1 Tuba Diapoaition 

varied; 

2,3.4,5,6 

varied; 
No. 1 at 

vBiiad; 

1.2 

wied; 

1. 2,3 

vkried; 
1.2, 3,4 

varied; 

others 



average 

average 

average 

average 

average 

Avaracao Xut,t,. 

. n 

10 3 

18.5 

14.6 

16.0 

12 1 

14 3 

Std. Dav. fi. 1,1 . 

. « 

0.159 

0.304 

0.180 

0.215 

0.120 

0.106 

1 (C) COMPUTATION OF CONTROL UMITS FOR INPUT TERMINALS 

1 Avarmaa ovarall Moaitiyity 

14.3 microvolts (measured with average tubes) | 

I Ovarall standard deviation •, — 14.3 + ( 

0.304\* 

ws) + 

/0.180\ 
VH 6/ 

1 

-f- 




/O 215 V . / 

0.120V , 

/O 106 V 

»» 0.45mv 




(le.o) ■’■( 

12T) + 

( 14 . 3 ) 

Control limits on 

this raoaiver: db 3s< » 

L4.3 + 1.35 « 15.7 mv and 14.3 

- 1.35 - 

12.9mv 









lated for the other five stages, the 
results summarized as at B in 
Table I, and the control limits com¬ 
puted as at C. 

The data in Table I also pro¬ 
vides another check. It is common 
practice to measure the sensitivity 
at the control grid of the converter 
tube. We have, from the data, the 
standard deviations for the groups 
of 5 tubes (r-f tube eliminated): 
s, = 0.804 /iv; s» = 0.180 ftv; S4 = 
0.216 fiv; s« = 0.120 fiv; s« = 0.106 
/iV. Suppose the sensitivity at the 
converter grid with average tubes 
if 170 microvolts. This gives for 
the combination 



■•4.67|iv 


Therefore the sensitivity limits at 
the converter grid to be taken as 
acceptable and due to normal tube 
variations in this particular re¬ 
ceiver are 170 -i- 8so = 184.0 fiv and 
170 - 8s. == 166.0 /tv. 

We can go farther now and es¬ 
tablish economic sensitivity limits 
where the variations are due to the 
combined effect of normal varia¬ 
tions in coils, capacitors, resistors, 
wiring, etc. The procedure is as 
follows: 

Using a set of average tubes de¬ 
termined as such by the measure¬ 
ments and calculations previously 
described, measure the sensitivity 
of say 100 different receivers each 
of which is known to have normally 
controlled components. Since the 
same tubes are used in each of the 
sets, variations in sensitivity be¬ 


tween the sets will be due solely to 
variations in the sets themselves. 

Calculate the average sensitivity 
X, in microvolts for the lot of sets 
used and the standard deviation S, 
of the sets in microvolts. If in pro¬ 
duction average tubes are used, the 
acceptable limits in sensitivity for 
set variations alone will be X, -f 85, 
and X, —85.. If, on the other hand, 
tubes are taken at random, the 
limits in sensitivity covering nor¬ 
mal expected variations of both 
tubes and sets will be 

Z ±zZ V(*i/ JTi)* -f (H / + 

. 

Having established sensitivity lim¬ 
its as described, a production re¬ 
ceiver showing sensitivity beyond 
these limits must be immediately 
suspected as containing abnormal 
components or wiring or abnormal 
tubes. Insertion of a set of average 
tubes removes the possibility of 
abnormal tubes and if the sensitiv¬ 
ity then exceeds X, :±z 85, micro¬ 
volts, the set must be suspected of 
abnormality in itself. 

Sensitivity values as measured on 
100 receivers coming from produc¬ 
tion, each using the set of average 
tubes measured in the first example, 
are X, = 18.6 /av and 5, = 0.60 /iv. 
Limits on sensitivity exclusive of 
tubes are 18.5 8 x 0.5 = 12.0 to 

15.0 /iV. Limits including both nor¬ 
mal tube and set variations are 





■* 15.7 to 11.8 mV 


Limits including tube variations 
only (see previous example) are 

3 X X 0.45 - 14^ to 12.2 /(T 
Suppose now that a receiver 
comes through production with ran¬ 
dom tubes and shows a sensitivity 
of 16.0 fiv. This is beyond the up¬ 
per limit of 16.7 /uv. Upon the in¬ 
sertion of a set of average tubes 
(selected as previously described), 
Ihe sensitivity is 14.2 /sv. This is 
within the 12.0-15.0 /tv limit for 
receiver variations alone. We eon- 
elude that there WM trouble vrltti 
tiie original set of tubes. 
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Quality Engineering in Tube Manufacture 

Testing of random samples can indicate when vacuum*ttibe production deviates from 
quality standards. Procedures given, applicable to other products as well, cover static 
and dynamic performance tests, life tests, mechanical tests, and checking of appearance 

By E06ENE GODDESS 


P SESENT-DAY msss production 
Jenda itself admirably to quality 
engineerina practices. Although 
this article is centered on vacuum- 
tube manufacture, the approach and 
much of the technique are directly 
applicable to other phases of in- 
dusti*y. 

Quality Tests 

In order to determine vacuum- 
tube qtiality, it is necessary to have 
a criterion of acceptability; in other 
words, the tube must pass some sort 
of a test. One method tests a ran¬ 
dom sample (typical of the day’s 
production) for static characteris¬ 
tics and dynamic performance. All 
conditions of the test are recorded 
and readings are meticulously ob¬ 
served. with the exact nature of the 
teat depending on the type of tube 
involved. 

For the usual transmitting or re¬ 
ceiving tube, test instructions 
should specify voltages for filament, 
plate, control-grid, screen-grid, and 
suppressor-grid as required to ob- 
seive filament, plate, control-grid, 
and screen-grid currents. Emission, 
plate resistance, amplification fac¬ 
tor, and mutual conductance should 
be determine<|; furthermore, it is 
desirable that interelement capaci¬ 
tances be measured also. 

Cathode-ray tubes should be 
checked for light output, line width, 
defiection sensitivity, focusing volt¬ 
age, leakage, gas ratio (or cross), 
interelement voltage breakdown, 
and anode currents. 

Specifications for dynamic test¬ 
ing should include load resistance 
(or impedance), signal voltage, and 
power output at normal and reduced 
filament voltage. In addition, spe¬ 
cifications should give operating 
voltage and current ranges for all 
other tube elements.^ 


Meotsremest of Isferelactrede 
Copaelfoacet 

For the measurement of capaci¬ 
tances of 1 nfif or less, several meth¬ 
ods are available. Perhaps the 
most accurate procedure uses a pre¬ 
cise capacitance bridge. Another 
satisfactory method uses a vacuum- 
tube voltmeter to measure the volt¬ 
age developed across a capacitance 
at a fixed frequency. Alternative 
methods are: 

(1) Capacitance can be measured 
as part of a resistance-capacitance 
discharge circuit in which the tube 
capacitance discharges through a 
known resistance. Siace C = i/R, 
the capacitance is easily deter¬ 
mined. Both time (in the order of 
microseconds) and resistance (in 
the order of megohms) can be de¬ 
termined with reasonable accuracy. 

(2) Capacitance can be meas¬ 
ured as the terminating impedance 
of a coaxial transmission line. The 
reactance is measured by placing 
the tube in the transmission line as 
a terminating element. The line is 
then tuned to resonance by varying 
its length.* 

Mecbasleal PerferaioBce TmH 

Tubes must perform satisfactor¬ 
ily and must possess reasonable 
life; in addition, they must be 
rugged. This does not imply that it 
is permissible to play hockey with 
a two-inch u-h-f transmitting tube. 
On the other hand, it should not be 
necessary to transport the tube In a 
plush-lined case. The usual points 
of mechanical weakness can be di¬ 
vided into four main headings: 

(1) Metallic bodies (filaments, 
grids, plates, etc.) 

(2) Metallic joints (welds) 

(3) Glass bodies (glass envel¬ 
opes, beads) 


(4) Glass joints (either glass- 
to-glass or glass-to-metal) 

Among the methods used for 
checking the mechanical durability 
of the tube are: 1. Bump tests; 
2. Vibration tests; 3. Thermal shock 
tests. 

In a bump test, a pendulum of 
prescribed weight and length is al¬ 
lowed to strike the tube, which 
is so suspended that it swings freely 
on impact. The tube is then tested 
for mechanical failure, static char¬ 
acteristics and interelement capac¬ 
itance (revealing changes in elec¬ 
trode spacings). 

The vibration test is essentially 
the same as the bump test Instead 
of causing acceleration through im¬ 
pact, the tube is placed on a shake 
table and is subjected to accelera¬ 
tion values that are several times 
that of gravity. Both of these tests 
can be made with voltages on the 
elements, so that results can be ob¬ 
served on a cathode-ray-tube oscil¬ 
loscope. In this way, temporary in¬ 
terelement shorts and undue voltage 
excursions can be observed. 

Thermal shock tests are con¬ 
cerned with the condition of the 
glass. In general, they reveal im¬ 
proper annealing or defective seal¬ 
ing. 

The foregoing are the most com¬ 
mon mechanical performance tests. 
It is possible to make as many tests 
as there are mechanical perfor¬ 
mance weaknesses. 

Life Teiflag of Tabes 

Tube life can be determined on 
the basis of either static or dyna¬ 
mic performance. In any event, the 
life will depend (among other fac¬ 
tors) upon: 1. Filament voltage; 
2. Tube operating temperature; 3. 
Amount and nature of the free rest- 
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dual gases in the tube and in the 
metallic parts. 

Within a thoriated tungsten fil¬ 
ament, thorium is diffused to and 
evaporated from the surface at a 
definite rate. The ideal filament 
voltage is one which causes a cur¬ 
rent flow of such magnitude that the 
heat produced establishes an equi¬ 
librium between these two rates.* 

If the filament temperature is 
too low, insufficient emission will 
result. If filament temperature is 
too high, the rate of evaporation 
will exceed the rate of diffusion. 
Under this condition, the surface is 
stripped of its thorium and soon ac¬ 
quires the properties of a pure tung¬ 
sten emitter, which is about 


1/lOOOth the emission of a thori¬ 
ated tungsten filament operated at 
equivalent temperature. As a re¬ 
sult, the emission drops rather 
sharply and the tube ends its useful 
life abruptly and prematurely. 

Such a tube can be brought to life 
again by means of the so-called “hot 
shot“ treatment, which consists of 
operating the filament at a rather 
high temperature (2800 deg K) 
for a few minutes. This reduces 
some of the thoria (thorium oxide) 
within the filament to metallic thor¬ 
ium. Then, operation of the fila¬ 
ment at a lower temperature (2200 
deg K) diffuses the newly reduced 
thorium to the surface. However, 
life obtained by rejuvenation is not 


a true test of life, but rather is a 
test of the renewing process. 

It has been pointed out that the 
voltage at which a filament is oper¬ 
ated determines its temperature. 
Temperature determines the frac¬ 
tion of the surface which is covered 
with a monatomic layer of thorium. 
Emission may drop below accept¬ 
able limits as the fraction of the 
covered surface is reduced. Since 
good life depends upon good emis¬ 
sion, any factors which disturb or 
deteriorate the emissive properties 
of the filament contribute to the 
early demise of the tube. Operation 
at excessive filament voltage is one 
such factor. 

Another factor which can result 
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in reduced emission is the presence 
of excessive amounts of oxygen in 
the tube. Should this highly-active 
gas be available to form a chemical 
union, layers of thorium and tungs¬ 
ten oxides are formed. If this hap¬ 
pens, emission quickly drops to the 
vanishing point. 

If the power supply voltage var¬ 
ies over a considerable range, the 
life test will operate at various 
temperatures; in other words, 
anode and filament power dissipa¬ 
tion will vary. It is therefore neces¬ 
sary that the power line voltage for 
life test equipment be regulated 
within close limits. 

Complete and carefully prepared 
records should be kept of all test 
conditions and causes of failure. 
This latter point cannot be overem¬ 
phasized since one of the primary 
objects of all life tests is to reveal 
the weaknesses which cause tube 
failure. For example, to state 
that a cathode-ray tube failed 
due to low light output is not 
enough; it is much more significant 
to point out that the low light-out- 
put was caused by a deteriorated 
cathode surface which resulted from 
the failure of a metal-to-glass seal. 

The tube that performs properly 
is interesting and indeed welcome; 
nevertheless, it is the defective 
tube that uncovers weaknesses and 
helps us evolve new and better pro¬ 
duction techniques. 

Othsr Tests 

Samples should be selected and 
tested at periodic intervals, in order 
to ascertain the life of the shipped 
product. Factory engineers, design 
engineers, and persons responsible 
for maintaining production should 
be advised of all failures occuring 
in non-experimental tubes. All in¬ 
novations in processing or struc¬ 
ture should be successfully life- 
tested before becoming a regular 
part of the manufacturing pro- 
cedure. 

A sizeable quantity of tubes 
should be selected at random from 
the packing room and should be 
examined for appearance. This in¬ 
spection should answer the follow¬ 
ing questions: 


Cl) Is the tube clean? 

(2) Is the tube identification 
brand clean and legible? 

(3) Is the company trademark 
clean and legible? 

(4) Are the base pins neatly 
soldered? Has extra flux 
been wiped away? 

(5) Is the tube base on straight? 

(6) Are the critical dimensions 
within specification? 

C7) On the basis of the perfect 
tube being rated as 100 per¬ 
cent, what is the rating of 
the average of these tubes? 

The basic purpose in making this 


type of examination is to rate the 
tube’s appearance from the stand¬ 
point of saleability. 

It is inadequate to say that the 
vacuum-tube industry sells “tubes”. 
We are offering measurements when 
we offer tubes. Some assurance 
must be given that the meters 
which check those measurements 
are correctly calibrated. 

Tubes are saleable because they 
have certain characteristics—char¬ 
acteristics which are measureable 
by meter. Quality, as determined by 
electrical testing, implies the use 
of meters, and the testing is no bet- 
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ter than the meters that perform 
the work. Improperly calibrated 
meters give rise to three risks: 

(1) The possibility that accept¬ 
able tubes may be rejected. 

(2) The possibility that reject- 
able tubes may be accepted. 

(3) The possibility (almost cer¬ 
tainty) that the quality will 
be indeterminate. 

Proper calibration of test meters 
is normally a function of a meter 
maintenance unit, acting under the 
jurisdiction of an equipment sec¬ 
tion. This meter-maintenance unit 
will generally have a set of second¬ 
ary standards. However, the qual¬ 
ity control activity is so definitely 
tied up with measurement problems 


that it is advantageous to have the 
primary standards retained by the 
quality engineering division. 

Certified standard cells, high- 
precision potentiometers, volt boxes, 
current and voltage transformers, 
highly sensitive galvanometers and 
accurate wavemeters are a few of 
the primary standai'ds which should 
be available to the quality control 
engineer. Then, when a question 
comes up involving the accuracy of 
factory readings, unquestionable 
evidence can be produced by the 
quality engineering laboratory. Un¬ 
less a standards laboratory is set up 
to do the job, the quality engineer¬ 
ing department should act as the 
“Bureau of Standards'* for the 
factory. 


With a test procedure set up, the 
next step in utilization of quality 
engineering is analysis of the test 
results to determine exactly where 
the trouble is when shrinkage (loss 
during production) exceeds permis¬ 
sible manufacturing limits. This 
subject will be taken up in the next 
issue, and will be followed by the 
final article covering process con¬ 
trol charts and other statistical 
methods of controlling quality dur¬ 
ing manufacture. 
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Shrinkage Analysis in Tube Manufacture 

Procedure for isolating the factors responsible for rejected tubes, with examples of rou¬ 
tine followed by Shrinkage Analysis Department and samples of typical reports 


S uppose 1000 stems for vacuum 
tubes are started in the mount¬ 
ing departmoit and that only 800 
actually became satisfactory tubes. 
Shrinkage analysis seeks to deter¬ 
mine why 200 were lost en route. 
In contrast, quality control is con¬ 
cerned with variaUons in the per¬ 
formance of the 800 good tubes. 
Shrinkage analysis thus obtains 
information directly concerned 
with the reduction and removal of 
factors which cause industrial 
losses. 

If the product is running dose 
to a manufacturing limit, shrink¬ 
age analysis will never disdose 
that fact until the damage is done; 
quality control, however, observes 
the condition and reports to factory 
engineers who take steps to rectify 
the trouble. Should quality control 
warnings be ignored for one reason 
or another, shrinkage results. 
Shrinkage analysis, then, is the 
fact-finding procedure which in¬ 
forms factory engineering of the 


It E08EIE 80D8ESS 

vital channds to be worked on to 
bring variables under contrd. 

In cases where the shrinkage is 
localized, a positive indication is 
available which points to an ineffi¬ 
cient or improper operation. Let us 
say that 6 percent is the normal 
shrinkage expectancy for open fila¬ 
ments over the entire operation. If 
this 6 percent loss occurs in only one 
operation, it is imperative that fac¬ 
tory engineers correct the situation 
quickly. Regardless of this fact, 
the point being made is that local¬ 
ization of ths disturbance to a 
single operational area is most 
easily recognized by a prdiminary 
analysis. 

Suppose a poor material is used. 
If twenty different operations each 
lose 0.6 percent of their tubes due 
to open filaments, an overall fila¬ 
ment shrinkage of 10 percent re¬ 
sults. Here the trouble-localising 
or “where” analysis is small, but 
the “what” analysis disdoses the 
hidden tmih. 


Once it has been ascertained 
factuaUy that trouble exists, a sec¬ 
ondary analysis must be performed 
in order to isolate it Is it con¬ 
fined to a certain operator or ma¬ 
chine or to a certain combination 
of operators and machines? Does 
it occur on any specific day of the 
week? Does it occur only during 
or following certain atmospheric 
conditions? Does it manifest itsdf 
only on certain work shifts? 

The causes for shrinkage bdong 
more properly in the domain of 
engineering, but often the dirink- 
age analysis department can dis¬ 
dose or confirm facts concerning 
such troubles. Good analysts are 
fundamentally curious. 

Here, then, is a method of opera¬ 
tion; 

1. A primary or preliminary an¬ 
alysis is made for purposes of iden¬ 
tification. 

2. A secondary or detaUed analy¬ 
sis is made forpttqK>ses<ff isdatioa. 
Summaries are made daily, weekly. 
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and monthly in order to detect 
shrinkage trends. An isolating an¬ 
alysis follows any time that the sit¬ 
uation demands it. 

It is desirable that shrinkage 
analysis work be performed by a 
single specially trained group rather 
than by individuals from different 
departments. The Shrinkage An¬ 
alysis Department is not concerned 
so much with reduction of shrink¬ 
age as it is with presenting accurate 
facts concerning the condition. This 
information is then turned over to 
factory engineers whose main con¬ 
cern is to keep the factory running 
at high efficiency. 

There is some question as to 
whether the completely tabular 
form of report is as digestible or 
as emphatic as the same report 
would be if results were integrated 
into conclusive thoughts. The 
analyst’s opinions and conclusions 
are important for several reasons, 
namely: 

1. The analyst has time to draw 
a summary. Most (not all) other 
persons give tabular reports a 
quick reading and generally do not 
stop to summarize. 

2. The analyst’s summary is ob¬ 
jective—thus, results are viewed 
impartially. 

8. The analyst often draws upon 
the experience of many engineers 
to make or confirm his conclusions. 

Report value depends on two 
factors: 1. Factual content; 2. 
Thorough study of the findings. 
The first factor depends on the effi¬ 
ciency of the analyst; the second 
factor depends on the engineering 
personnel of the sections involved. 

Failure of production and engi¬ 
neering personnel to utilize the po¬ 
tentialities of the Shrinkage Analy¬ 
sis Department may be ascribed to 
the natural reticence of anyone to 
bare his errors, and to misunder¬ 
standing concerning the function 
of the Shrinkage Analysis Depart¬ 
ment in the general scheme of fac¬ 
tory operation. Since reticence 
can be overcome only when misun¬ 
derstanding is clarified, it is im¬ 
perative to discuss the main prob¬ 
lem: “What relationship does the 
Shrinkage Analysis Department 
have to general factory activity?’’ 


Development engineers set up 
specifications for making tubes, 
and factory engineers watch manu¬ 
facturing procedure to be sure 
specifications are followed. Natur¬ 
ally, all specifications cannot be 
followed exactly — the slight 
changes that are necessary are 
termed variables. The Quality 
Engineering Department gives a 
dsrnamic picture of production by 
observing deviation of the vari¬ 
ables; when deviation gets out of 
control, shrinkage will then occur. 

The Shrinkage Analysis Depart¬ 
ment examines rejected material to 
reveal the cause of shrinkage. This 
information is conveyed to factory 
engineers and production person¬ 
nel, who use the additional informa¬ 
tion to put the variables under con¬ 
trol. That is the reason—the sole 
reason—^for circulating reports. 
Departmental activities are com¬ 
pletely objective and are aimed at 
pointing out failure only for the 
purpose of lighting the road so 
engineering and production per¬ 
sonnel may achieve success. 

As an example, let us assume that 
a transmitting tube fails because of 
low power output. The first step in 
performing a post mortem is to 
verify the failure in the following 
manner: 

1. The test set must be checked 
with good tubes to show that it is 
operating properly. 

2. The meters should be verified 
to remove any question about the 
effect of calibration on observed 
results. 

8. If the tube is tested as a power 
amplifier, it is necessary to verify 
the power input before condemning 
the tube for poor power output. 

These are some of the prelimin¬ 
ary steps which, though they seem 
quite obvious, are easily overlooked. 

Once the failure has been veri¬ 
fied, it is desirable to determine 
whether low power output is due 
to low emission or to faulty con¬ 
struction in the tube. If emission 
is adequate, the tube should be 
checked to see if the grid is prop¬ 
erly constructed. It is necessary 
also to verify whether power out¬ 
put is measured at a frequency at 
which inter-dement spacing may 


be at fault. Similarly, filament 
construction must be examined. 

If emission is low, gas content of 
the tube should be measured and it 
is worthwhile to investigate car¬ 
burization of the filament. When 
the filament is over-carburized, 
emission is reduced and in some 
cases power output suffers. This 
condition can be checked by “flash¬ 
ing” the tube at a temperature 
slightly higher than normal; thus, 
some of the carbon is removed and 
power output can be redetermined. 
If power output comes up, the 
cause of failure is known. Should 
power output fail to come up, over¬ 
carburization is not at fault. 

If the tube shows a slight gassy 
condition, the seals and beads 
should be carefully examined for 
wire leaks or faulty beads; metal- 
to-glass seals should be given spec¬ 
ial attention. Where tungsten is 
used as a lead, it should be ex¬ 
amined for small fissures through 
use of a magnifying glass or micro¬ 
scope. In some cases it is desirable 
to use a fiuorescent liquid penetrant 
which becomes visible under ultra¬ 
violet light* 

Where large volumes of gas cause 
the tube to be classed as an “air 
tube”, the failure will generally be 
in the form of a large crack or fis¬ 
sure. Frequently, this can be dla- 
eemed by eye with the aid of a 
bright light 

The above analysis does not pro¬ 
tend to be as complete or as detafled 
as might be desired. It does offer 
two advantages; it provides a 
simple pattern for new and un¬ 
trained help, and it requires pra»> 
tically no expensive or elaborate 
test equipment 

As a second example, consider a 
cathode-ray tube which has been 
rejected for low light output. Here 
again, the rejection should be veri¬ 
fied. One convenient method uses 
several test sets for checking the 
reject against a standard tube. A 
standardized test set is preferred 
on which heater current and anode 
voltages can be observed. The 
heater current can act as an index 
of cathode temperature. By read¬ 
ing second or third anode currents, 
as required, intensity of the beam 
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hitting the screen can be checked. 

If anode currents are low, it is 
incorrect to assume that cathode 
emission is reduced. This value 
must be checked separately with a 
low positive voltage on the grid. 
Once it has been definitely estab¬ 
lished that cathode emission is in¬ 
adequate, various beads and wires 
should be examined for cracks or 
failures that permit entrance of 
gas which destroys the emitting 
surface. 

When the tube is opened, the 
cathode should be examined for ion 
spots. If none are present, it 
should be examined for other types 
of contamination such as chloride 
or oil, which also reduce emission. 

Suppose, however, that emission 
is adequate but second anode cur¬ 
rent is low. In that case, the geome¬ 
try of the electron gun should be 
examined for alignment and con¬ 
centricity on the test set or by 
opening the tube if necessary; aper¬ 
tures should be checked for correct 
size. If emission and second anode 
current are adequate but light out¬ 
put is low, the tube should be 
opened to measure the light trans¬ 
mission of the screen. If the screen 


is too thick, then light intensity on 
the face of the tube will be mate¬ 
rially less than on the inner surface 
of the screen. If light transmis¬ 
sion is adequate, the screen may be 
inefficient for other chemical or 
physical reasons. 

Basically, the luminescence of a 
phosphor is due to an unstable 
crystalline structure; this structure 
is disturbed by physical shock. 
When the phosphor comes from the 
oven during the manufacturing 
process, it is rather lumpy. Thus, 
it is necessary to reduce the diam¬ 
eter of particles to the order of 5 
to 50 microns and this is generally 
done by ball milling. If ball milling 
continues over an extended period 
of time, the crystalline structure is 
disturbed by the physical shock. 
As a result, the phosphor becomes 
stable and loses its basic property 
of luminescence. 

Impure chemicals used for syn¬ 
thesizing impair the efficiency and 
color of the phosphors. These 
characteristics may also be affected 
by improper crystallization tem¬ 
peratures. Now, all these things 
increase the amount of inert or 
non-luminescent material present 


in the phosphor and subsequently 
in the screen. Consequently, the 
efficiency of the entire screen is re¬ 
duced because this inert material 
takes up space which normally 
would be occupied by luminescent 
material. 

These are only a few of the 
factors which can cause low screen 
efficiency. Nothing has been said 
about reflectivity of the inner glass 
surface nor about glass thickness 
and bulb processing, which factors 
also affect the light output offered 
by the tube. 

It is hoped that the material 
given so far in this series of articles 
will indicate the basic approach to 
these problems. It is more import¬ 
ant to understand the approach 
than to understand the specific 
method, because the latter varies 
from problem to problem—the ap¬ 
proach to shrinkage analysis prob¬ 
lems generally remains the same. 


Hefsrence 

(1) Kulin, S. A.. Fluorescent Inspection 
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Quality Control in Tube Manufacture 


Discussion of problems involved in setting up a statistical method of controlling quality 
of tubes and component parts during manufacture, with instructions for using process 
control charts in connection with random sampling techniques to detect promptly when 
a process is out of control and causing excessive shrinkage 


T he chief objeetive of a quality 
control system is to assure 
quality on an economic basis. Such 
a system should exercise its effect 
during manufacturing operations, 
through process control, and should 
Insure the quality of the finished 
article by means of product control. 

Effectiveness of the control can 
be determined in two ways: 1. By 
studying the presence or absence of 
criti^ attributes of the product; 


By EUSENE SOBBESB 

2. By studying the variation of some 
mensurable characteristic of the 
product. 

Sesiple Sis* 

A statistical method of quality 
control requiree consideration of 
the problem of sample size. Usually, 
this presents a diflieult problem be¬ 
cause the fundamental concept of 
the statistical approach is not 


clearly understood. When this dif¬ 
ficulty is analyzed, the question of 
sample size resolves itself into a 
statement (on the part of man¬ 
agement) concerning quality level 
to be maintained in the product. 
Once this level is established for 
interdepartmental or external ahlp- 
ments the percentage limits for de¬ 
fectives can be established and an 
intelligent solution to the sample- 
size questkm can be obtained. 
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Ab an example, management may 
decide to ship a finished product 
with a 9 to 10 probability that de¬ 
fectives will not exceed 30 per 10,- 
000. Once management decides 
what risk it is willing to take to 
get a specific quality, the question 
of sample size can be rationally ap¬ 
proached. If every unit shipped 
must be absolutely perfect, then 
100 percent inspect ion. and 100 per¬ 
cent efficiency are necessary. In 
mass production 100 percent in¬ 
spection^ efficiency cannot be as¬ 
sured because of 1. Human judg¬ 
ment; 2. Prolonged work periods;' 
3. Worker’s skill; 4. Worker’s con¬ 
cept of how the job should be done; 
and 5. Worker’s attitude toward 
the work. 

Because of these human factors 
controlling inspector efficiency, 100 
percent inspection is not the prac¬ 
tical solution for the problem. 

Of course, most manufacturers 
desire to ship a product that is 
100 percent perfect. How can it be 
done? In most cases (certainly in 
mass production), perfection in in¬ 
spection is impractical and unat¬ 
tainable. Hence, the existence of 
merchandise returns from custom¬ 
ers. It is a rare organization indeed 
which never has a product returned. 


However, though the manufacturer 
cannot achieve a 100 percent per¬ 
fect product, he can certainly ap¬ 
proach that condition. The essence 
of the technique is to obtain a ran¬ 
dom sample of good size and in¬ 
spect it carefully. In this way, 100 
percent inspection efficiency is ob¬ 
tained on the sample rather than 
partial inspection efficiency on 100 
percent of the product. 

Suppose management agrees it is 
permissible to have 100 defects in 
10,000 parts; in other words, the 
fraction defective is 0.01 on the av¬ 
erage. If this condition existed, a 
sample of 260 units would probably 
disclose two rejects. 

If the lot had 200 defects per 
10,000 on the average, then a sam¬ 
ple of 260 could have four rejects 
and a sample of 600 could have nine 
rejects. This example shows that as 
the sample size increases, the frac¬ 
tion defective in the sample ap¬ 
proaches the fraction defective in 
the lot. The answer to the question 
of sampler size rests then with man¬ 
agement, which must declare that 
the observed fraction defective in 
the sample must be accurate, ±X 
percent. The actual technique for 
selecting samples and interpreting 
the results can be found in suitable 


texts on statistics.* These methods 
should be diligently applied in order 
to protect the manufacturer. 

Once the theoretical sample size 
has been computed, it becomes 
necessary to select the practical 
sample size, depending on the 
availability of the product. If the 
theoretical sample size is 189 and 
the product comes packed in groups 
of 25, it is convenient to take a sam¬ 
ple which is a multiple of 25. In 
this case, either 175 or 200 would 
be suitable but it is good practice 
to use the larger sample. 

Sample size does not depend on 
percentage. For example, if per¬ 
centage were a criterion in select¬ 
ing a sample, then 1 out of 5 
would be as typical as 200 out of 
1000, since both are 20 percent 
samples. Likewise, if sampling in¬ 
formation were on a percentage 
basis, a sample of 1 from a lot of 
10 would be more typical than a 
sample of 60 from a lot of 1000. 
Of course, these extreme cases re¬ 
duce the percentage basis of sam¬ 
ple selection to an absurdity but 
they were selected to make the ar¬ 
gument more poignant. 

The object in taking a sample 
from a grand lot is to obtain in¬ 
formation about the quality of 
the grand lot, the assumption 
being that the sample has the 
same distribution of defects (or 
variables) as the grand lot. To be 
properly selected, a sample must be: 
1. Taken at random so as to be typ¬ 
ical; 2. Large enough that its dis¬ 
tribution curve is not materially 
affected by sample size; 3. Com¬ 
posed of normal products and not 
containing engineering freaks. 

In substance, sampling is safe if 
production on a product is run¬ 
ning normally. When production 
becomes abnormal, units should be 
subjected to a manufacturing cull¬ 
ing operation. The good product is 
then inspected on a sampling basis 
—actually, this amounts to inspect¬ 
ing a previous inspector’s work. 

Predvet Control 

One of the problems which con¬ 
fronts quality control engineers is 
that of passing judgment on the 
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grand lot. The lot can have one of 
three sources: (1) An outside sup¬ 
plier supplying a raw product; (2) 
A company department supplying a 
part to another company depart¬ 
ment; or (8) The company itself, 
offering its completed product for 
final inspection. 

Regar^ess of where a grand lot 
comes from, judgment should be 
made in the same way. In evaluat¬ 
ing the grand lot, the quality con* 
trol department will feel pressure 
exerted upon it by: (1) The out¬ 


side supplier, who feels his ffood 
product has been rejected; (2) The 
department head, who resents hav¬ 
ing a grand lot rejected because “a 
few bad ones showed up in the 
sample’*; or (8) Over-anxious pro¬ 
duction men, who are trying to 
meet shipping schedules and con¬ 
tracts. 

These pressures are only human 
and will always exist as long as 
humans play a -part in the produc¬ 
tion picture. One of the best ways 
to overcome this sitii^ation is to sit 
with the persons involved and dem¬ 
onstrate the quality of the rejected 
product by detailed examination 
of the grand lot in question. 

For example, although only 3 de¬ 
fects showed up in the sample of 
260, there is a probability of 0.9 
that the number of defectives per 
thousand will be between 21 and 7 . 
If the detailed examination does 
not verify the prediction, some¬ 
thing is wrong with the data. 
Usually, when the true condition of 
the product is once revealed and 
verified, the doubters accept future 
statistical results. 


There is one other po.^sibilit,v of 
serious friction which cannot be 
ignored. Should the outside sup¬ 
plier insist that his product is good 
despite the rejection, it will prob¬ 
ably be necessary to review the 
specification against which the ex¬ 
amination was made. 

The subject of product control is 
extensive indeed and will not be 
discussed further except for one 
additional warning. Be sure to se¬ 
lect a random sample. If the grand- 
lot is thoroughly mixed, the ran¬ 
dom nature of the sampling is not 
critical. But if the grand lot is not 
thoroughly mixed, it is imperative 
that the sample be selected by a 
random operation. It is interesting 
to note that a random sample means 
a sample selected in a random man¬ 
ner; thus the reference is to the 
technique of sampling rather than 
to the sample per se. Obviously, the 
criterion of random selection is to 
give each unit of the grand lot an 
equal chance of being chosen. 

Process control prevents the oc¬ 
currence of industrial losses by 
showing the trend in quality as a 
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function of either the attributee or 
the variables. This is beet illus> 
trated by an example. Several con¬ 
stants from the American Stand¬ 
ards Association War Standard 
Z 1.8»1942 are used, and It is well to 
point out that if the sample size 
changes, the constants also change. 
The ASA has issued three excel¬ 
lent publications covering this en¬ 
tire problem/ which are valu¬ 
able in setting up a quality control 
system. 

Suppose it is desired to control 
the depth of a grid assembly for s 
cathode ray tube. In such a case, 
quality is to be measured by observ¬ 
ing the trend in a variable, and one 
way to proceed is given here: 

1. Each hour, determine and re¬ 
cord the depth of a sample of five 
grid assemblies. 

2. Compute average depth by 
adding the depths and dividing by 

5. Call this value 7. 

8. Determine the range, E, of the 
sample by subtracting the smallest 
value from the largest 

4. After n values of 7 have been 
computed, determine the average 

of the averages, 7, which is found 

by the equation JT = s7/n where 
10 <w<26. 

5. From the same data, compute 
R, the average of the ranges using 
the equation R = SR/r? where 
10<w<26. 

6. Compute control limit values 
for X as 

X, ^ 4- 0.577R 
= r - 0.677g 

7. Compute control limit values 
for R as 

R.unv.. ^ 2.114S 

Rf. I««tr ^ 0(R) ^ 0 

8. Prepare two charts, one for X 
and one for R. Show 7, Xi app,r» and 
X,. on one chart. Show R, 
R/ uM..r and R; on the second 
chart. 

9. Plot the values of 7 and R on 
the respective charts. 

10. If 26 consecutive values of X 
and R fall between the upper and 
lower limits, we can say that con¬ 


trol exists. If not more than 1 out of 
36 successive values of 7 and R (or 
2 out of 100) fall outside the lim¬ 
its, it may be safely concluded that 
excellent control exists. 

11. If good control exists (as de¬ 
scribed in step 10 above), X and R 
may be adopted as standard values, 

i.e. f 7^ and R = R. 

12. If good control dues not exist, 
use only that portion of the data 
which can be considered as repre¬ 
sentative to recompute 7 and R. 

18. Compute sigma prime, the 
standard deviation, as o' = S/2.826. 
This is an index to the dispersion 
or spread of the individual measure¬ 
ments about their average. 

14. Let the maximum specified 
limit be AT.,.. Then, if 
_ -7 ')/S<t'>1 

.Y" and o' ma> be used for ensuing 
calculations. 

16. On the basis of X' and o' 
(from step 14) determine the cen¬ 
tral line for X, which is the average 
of the (representative) averages 7 
(See step 12) and is equal to X'. 

16. Compute the limits for 7 as 

-Y; -f 1.842(1 

-Y,, = 7 - lM2o' 

17. The central control line for 
R is 

R = 2.826(1 

18. The control limits for R are 

R/ = 4.918(r 

Rx, low«r = 0(0) = 0 

19. Use the values of 7, Xi upp.,. 
X R routr.ii iiB«, R/. uppi^r, and 
Rl lowBr, as determined in steps 
15 to 18, as control lines on their 
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respective charts for the next 100 
samples unless a major cause of 
failure is eliminated. 

20. If a major cause of failure is 
eliminated, use the last 26 repre¬ 
sentative values to compute new 
control lines as indicated in steps 
12 to 19. 

21. If no major failure is elimin¬ 
ated in the next 100 values, then 
use the last 26 values to compute 
new control lines as indicated in 
steps 12 to 19. 

22. Completed control charts 
should be hied. 

An interesting observation can 
be made about step 14. The denom¬ 
inator of the fraction contains 8e' 
because o' is the standard deviation 
of the observed values from their 
average, and So' includes 99.74 per¬ 
cent of the articles examined. Of 
course, this theory is based on a 
normal or Gaussian distribution 
curve, as shown in Fig 1. Thus, 

V (X^ ~ 7)* -f (Y, - 4- ^ ~ 

__ 4-(Y,-Y )»_ 

n 

where 7, Xu, - Xn are the 

observed averages and 

7 = (X. + X. + Xp 4-- 

Xn/W. 


Uto of fbo Cootrol Cbort 

A typical control chart data 
sheet is shown in Fig. 2. Values of 
the constants given in the example 
are correct so long as the sample 
size is 6. Should the sample size 
vary, the new constants should be 
determined as explained in ASA 
publication Z 1.3-1942. 

A quality control chart as shown 
in Fig. 3 should not be kept secret. 
It should be posted where the fac¬ 
tory engineers, quality control engi¬ 
neers, foremen, factory production 
heads and division managers can 
observe it at will. New data should 
be plotted as soon as it is obtained 
and verified. If newly-plotted points 
are inside the limits, the manufac¬ 
turing process continues uninter¬ 
rupted. 

But suppose a point occurs out¬ 
side the 3-8igma limits as deter¬ 
mined in step 16. Since a normal 
distribution is assumed (based on 
the 26 consecutive satisfactory sam- 
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pies;, the point outside the S-sigma 
limits is due to an assignable cause 
—in other words, it was not a 
chance variation. 

As shown in Fig. 4. an out-of- 
control condition presents two prob¬ 
lems: 1. What should be done with 
the lot that contained the sample; 
2. What should be done to the proc¬ 
ess to bring it back under control? 

The lot can be judged as ex¬ 


plained under sections covering 
sample size and product control. 
With respect to the process, the best 
procedure is to request foremen and 
factory engineers to investigate 
the cause for lack of control. Until 
control is re-established, sampling 
should be done at an accelerated 
rate, say once every 5 or 10 min¬ 
utes. Once control is re-established 
(26 consecutive samples within 


limits), the sampling rate may be 
reduced to its original value. 
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Central Signal Generator for Production 

Testing 

This central signal source supplies modulated frequencies to 2.S test stations in a 
radio receiver manufacturing plant. Coupling, impedance matching, attenuator de* 

sign, radiation, and leakage are discussed 


O UANTITY PRODUCTION of radio 
receivers requires a cali¬ 
brated source of radio-frequency 
signals for aligning and testing. 
This can be supplied by equipment 
at individual testing stations or by 
placing the equipment in a central 
location and using transmission 
lines to the individual stations. The 
latter method provides a central lo¬ 
cation for all the tube equipment, 
where it can be maintained, ad¬ 
justed and kept free of tampering 
by unauthorized personnel. Other 
factors are cost, uniformity of sig¬ 
nals, delivery time, and economy. 

The system to be described con¬ 
tains 24 test stations, about 7 feet 
apart, 12 to a floor (2 floors), with 
radio-frequency 'energy covering 
the intermediate frequency and sev¬ 
eral spots across the broadcast and 
short-wave bands. An additional 
station is provided in the engineer¬ 
ing department. The r-f is con¬ 
trolled in amplitude and available 
in level from 1.0 /iv to 0.1 volt. 

A number of transmitters were 
built, one for each radio frequency 
and modulated with an identifying 


By FRED MILLER 

audio frequency. The frequencies 
chosen are: 

Signal Frequency Modulation 

in cps 


I-F 455 kc 1,500 

Broadcast 1,740 300 

1,530 600 

960 800 

610 1,000 

Short Wave 6 me 2,000 

10 2,600 

18 8,000 


These radio frequencies were 
chosen to supply the band limit, 
alignment points, and cross-over 
tracking points in each band, miss¬ 
ing local broadcast stations. To 
prevent interruption of service, a 
spare transmitter unit is provided 
to replace temporarily any unit 
needing repair. It is equipped with 
plug-in coils to cover the radio fre¬ 
quency range and with a rotary 
switch to select the audio frequen¬ 
cies. 

The transmitters employ the cir¬ 
cuit shown in Fig. 1. A 6V6 crystal 
oscillator using an AT-cut crystal 
is followed by a 6V6 class-C ampli- 
fler modulated by a 6V6 Heising 
modulator. The radio-frequency 


output is link coupled to a 50-ohm 
line. Audio signal is supplied to 
the modulator by a 6SJ7 tube in 
a Colpitis audio oscillator. This 
circuit wa.s chosen because only one 
tube i.s required, there is no need 
for a tapped inductance coil, and 
it permits ease of frequency change 
and uniformity of transmitters with 
different audio frequencies. 

Panel jacks are provided for 
reading plate and grid currents and 
a rear jack for reading modula¬ 
tion voltage. The modulation con¬ 
trol is screwdriver adjusted at the 
rear of the chassis. A meter panel, 
with a plate current meter and a 
grid current meter, is used for all 
units. Standard phone plugs and 
six-foot cords make connections. A 
separate power supply is used for 
each four transmitters, and sup¬ 
plies 200 volts at 0.6 ampere. 

Thirty-percent modulation was 
used at first so that sensitivities 
measured on the assembly lines 
would correspond with the standard 
procedure used in engineering tests. 
However, the modulation percent¬ 
age was later raised to about 60 
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FIG. 1 — CompUt* 
circuit oi on« tront- 
mltter omd a power 
supply lor lour 
transmitters 



percent to approximate conditions 
of a broadcast station and resulted 
in a little clearer signal. The mod¬ 
ulation voltage must be maintained 
constant or the apparent receiver 
sensitivity will also change. 

A coupling unit was required to 
couple each transmitter of each 
frequency to the line, keep inter¬ 
action of frequencies in the trans¬ 
mitters at a minimum, match the 
impedance of each transmitter to 
the line, and adjust the voltage level 
of each frequency on the line. Inter¬ 
action of controls should be small 
and the voltage obtainable should 
be variable from one to several 
volts. A number of different 
methods, including cathode fol¬ 
lowers, were considered but thd 
coupling was accomplished by 
means of the circuits shown in 
Fig. 2. 

Basically, a series resonant cir¬ 
cuit is used for each frequency, as 
it has the advantage of presenting 
a low impedance to the particular 
frequency while presenting a high 
impedance to the other frequencies. 
This makes it possible to connect 
Much units in parallel to the line, a 
great advantage as it allows a com¬ 


mon ground system and in addition 
makes impedance matching easy. A 
series connection would add the 
impedance of all elements in the 
circuit at the frequency being con¬ 
sidered. 

The final impedance match is ob¬ 
tained by adjusting values of a car¬ 
bon resistor in the resonant circuit. 
The voltage level is adjusted by a 
variable capacitor used to vary the 
coupling to the transmitter. Link 
coupling is used and the links fed 
by a 62-ohm coaxial line. The im¬ 
pedance match is not critical at 
broadcast frequencies, becau.se the 
line length represents such a small 
portion of a wavelength; so more 
attention was given to obtaining the 
desired voltages at the output of 
the coupling unit. 

The short-wave links are more 
particular. The inductance of the 
tuning coil for each frequency is 
the same as the inductance of the 
transmitter tank coil for that fre¬ 
quency. The tuning capacitors are 
also the same value as used in the 
transmitters. The low impedance 
of the link circuit requires a large 
variable capacitance for coupling 
and a value of 450-/i/if served, 


One coupling unit is used for 
each floor (12 stations). Thus, two 
coupling units are fed from each 
transmitter. One chassis is used 
for both i-f units, one chassis per 
floor (two) for all broadcast fre¬ 
quencies and one chassis per floor 
(two) for all short waves. 

Four coaxial cables are used for 
the transmission system. One 
handle.s the i-f to eliminate the pos¬ 
sibility of beats with other fre¬ 
quencies. One is used for all broad¬ 
cast frequencies, one for all the 
short waves, and one for use at a 
later date for an aligning signal. 
These cables feed an attenuator 
box at each test position. The 
transmission lines are required to 
carry r-f power from the coupling 
units to the individual test stations. 
As power delivery is required at the 
test stations and a number of fre¬ 
quencies per line are used, it is 
necessary to match the line im¬ 
pedance at the sending and receiv¬ 
ing ends. 

The effect of mismatch is reflec¬ 
tion, which results in standing 
waves along the line, producing in¬ 
consistent voltages at points along 
the line, frequency discrimination 
at any one point along the line, and 
inability to obtain the correct 
amount of power from the line. As 
stations are required every seven 



FIG. 2—Coupling circuits lor looding sov- 
oral tronsmittors to a common line 
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feet along the line, terminations 
become quite a problem. This can 
be seen from the following: 

If a 50-ohm line is joined by an¬ 
other 50-ohm line, the impedance 
presented at the junction is that of 
two 50-ohm lines in parallel, or 25 
ohms. This 25 ohms must match 
the previous single line of 50 ohms 
—an impedance ratio of 2 to 1. 

As the line progresses another 
seven feet, another branch occurs 
with another impedance discontinu¬ 
ity. In addition, the two branches 
are also looking into 25 ohms, repre¬ 
senting an impedance mismatch to 
the branches. The usual way such 
a condition is met is by use of 
transformers to match the different 
impedances. However, radio-fre¬ 
quency transformers are usually 
quite frequency selective, and as 
our lines carry a number of fre¬ 
quencies, transformers could not be 
used. If a resistive impedance¬ 
matching pad was used to match 
branch impedances, the loss in the 
number of pads required would be 
prohibitive. 

The method used to accomplish 
the impedance matching is a com¬ 
bination of line loading and resis¬ 
tive impedance-matching pads. The 
formula for a distortionless line 
(one in which theoretically there is 
no frequency or delay distortion) is 
<dL/H = <dC/G, where L is induc¬ 
tance, C is capacitance, G is con¬ 
ductance and R is resistance. This 
can be written LG = RC, Physical 
lines do not usually approach this 
relationship, so it is possible to im¬ 
prove the line by loading, usually 
by increasing the inductance. The 
LG term may also be increased by 
increasing the conductance (lower¬ 
ing the leakage resistance across 
the line) and accepting the attend¬ 
ant greater atteiyiafion. 

Our lines use the principle of 
loading with conductance and then 
making that conductance the use¬ 
ful load on the line. The conduc¬ 
tance used is 625 ohms every seven 
feet, resulting in an attenuation of 
six db per hundred feet of cable 
and changing the characteristic im¬ 
pedance of the cable from 52 to 
50 ohms. Because this impedance 
change is small, it is possible to use 


unloaded line from the transmitters 
to the point where loading begins. 
The lines are terminated in 50 
ohms. Figure 8 shows a block dia¬ 
gram of the system. 

As the lines are run overhead 
and the test positions are some 
distance from the loading points, 
it is necessary to use another line, 
dropping from the main cable to 
the test positions. This line is 
matched at both sending and re¬ 
ceiving ends, but on the longer 
wavelengths the characteristic im¬ 
pedance of the line itself is not 
matched. This was done to be able 
to use a more convenient and 
cheaper cable. The receiving end 
is terminated in the attenuator box. 
and the sending end is matched by 
an impedance-matching T pad. 

The line loading is 625 ohms and 
power is taken off in this loading. 
The input impedance of the imped¬ 
ance-matching T pad is 625 ohms 
and used for the conductive load¬ 
ing, and the output impedance made 
to look like 100 ohms to feed the 
branch line. Minimum attenuation 
is required to reduce loss as much as 


possible. To meet this condition, 
one series arm of the pad is made 
zero. An unusual feature of this 
pad is that the input looks like 
625 ohms to the line, but the line 
looks like dnly 50 ohms to the pad. 
The output looks like 100 ohms and 
also is terminated in 100 ohms. The 
pad was designed to have an at¬ 
tenuation of 20 db or a voltage 
ratio of 10 to 1. 

These pads are contained in J 
boxes which in turn are placed in 
a larger box every seven feet along 
the line. 

Attenuators are needed at each 
test station to reduce the signal 
level from the maximum available to 
a known and controlled value. Each 
test position is equipped with an 
attenuator box containing a switch 
for selecting one of the four lines 
(i-f, b-c, s-w, a-s), four variable T 
pads for adjusting the level of each 
line to 0.1 volt; a variable T pad to 
adjust voltage between steps of the 
attenuator; and a step, ladder-type 
attenuator producing output levels 
in steps of 10 from 10 /xv to 0.1 
volt. The four-position switch is 
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FIG. 4—Circuits ol line J-box. voriable T-pod. and step attenuator 


arranged to terminate all unused 
lines in 100 ohms. A test connector 
is provided for using a vtvm in 
setting the input level. 

It is desirable to purchase atten¬ 
uators, but due to procurement 
problems, it was decided to build 
them. A simple design was required 
for ease of construction. The at¬ 
tenuator should have a flat attenua¬ 
tion ratio to 20 me and steps of 
output voltage of 100,000 / iV , 10,000 
.av, 1,000 fiw, 100 /iv, and 10 /iV. 
This represents a total voltage at¬ 
tenuation ratio of 10,000 or 80 db. 
If a very small amount of capacitive 
coupling exists across the attenua¬ 
tor, the attenuation ratio will 
change at the high-frequency end 
of the band to be covered. This 
would be undesirable as it would 
cause the attenuation to differ 
across the band. To reduce this 
effect the attenuation per stage is 
kept low (20 db) and each stage 
individually shielded. To reduce 
capacitance coupling, the switch 
was built into the attenuator. This 
allows the switch contacts to be 
shielded up to the actual surface of 
the contact itself and the spacing 
of contacts reduces the capacitance 
between them. Capacitance to 
ground should also be low. 

The attenuator elements are 
formed by carbon resistors. The 
individual sections consist of a T 
pad with the series arm 82 ohms 
and the shunt arm 20 ohms. The 
circuit is shown in Fig. 4. The 
design follows that for any simple 
T pad. 

Variable T Pad 

Five variable T pads are used in 
each attenuator box. One is used 
on each of the four input lines to 
adjust the input voltage of the at¬ 
tenuator to exactly 0.1 volt. The 
voltage along the lines varies due 
to attenuation along the line and 
any slight reflections that may be 
present. The fifth variable T pad 
is used to control smoothly the 
voltage between steps of the ladder 
attenuator. It corresponds to the 
variable control on a signal gen¬ 
erator and enables voltages other 
than steps of 10 to be obtained. All 


of these controls are screwdriver 
typos so that the output voltage of 
the entire attenuator can bo set to 
a value corresponding to the sen¬ 
sitivity of the receiver being tested, 
thus requiring no adju.stment by the 
operator. 

The requirements of this pad are 
lOO-ohm input and output imped¬ 
ance 10 percent, a variable at¬ 
tenuation ratio of about 30 db and 
a reasonably flat frequency response 
to 20 me. The variable T pad is 
made of three rheostats. Two are 
linear taper lOO-ohm maximum 
value, clockwise rotation; one is log 
taper (curve A) 1000-ohm maxi¬ 
mum value, counterclockwise rota¬ 
tion. Rheostats for radio frequency 
are difficult to obtain, so a number 
of tests were made and it was found 
that a wire-wound control possessed 
considerable inductance, and that a 
high-resistance control showed a 
capacitive effect. A low-resistance 
carbon-type control is as capacitive 
as a high-resistance one, but the 
capacitive reactance is shunted by 
a low resistance and becomes less 
important. Controls made of molded 
composition were quite satisfactory 
in the 100-ohm value tested. 

The output of the attenuator may 
be wired directly to the receiver an¬ 
tenna terminal, using a dummy 
antenna, or it may be coupled to the 
receiver loop, using another loop 
as a radiator. The loop method is 


favored, as it allows a greater pro¬ 
duction speed because no connec¬ 
tions are made to the receiver. A 
loop was designed, keeping the dis¬ 
tributed capacitance low, to have 
an impedance of 100 ohms in the 
middle of the broadcast band. This 
loop worked very satisfactorily for 
the i-f and short waves as well. The 
receiver i-f response was naturally 
considerably less than the other fre¬ 
quencies due to no front-end gain in 
the receiver. 

Radiotlon ond Leakaga 

In a system comprising a number 
of watts of transmitter power and 
a large network of transmission 
lines, the problem is present of radi¬ 
ated radio-frequency energy get¬ 
ting to the receivers to be tested. 
This energy, arriving around or by¬ 
passing the regular system, causes 
trouble in a number of ways. Radi¬ 
ated signals are generally undesir¬ 
able because of the possibility of 
causing local interference in nearby 
broadcast receivers, heterodyne 
whistles (in our case occuring only 
on very distant stations because of 
choice of signal frequencies), and 
in the case of the i-f frequency, 
heterodyne whistles on every signal 
tuned in. 

More serious is the by-passing of 
the attenuator, thus causing the at¬ 
tenuation ratio to change, particu¬ 
larly on the 1 to 10 microvolt levels. 
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The problem can be divided into 
two main classifications: radiation, 
and leakage. The difference between 
these may not be apparent, so we 
will define leakage as local effects, 
such as leakage across an attenuator 
due to capacitive or inductive cou¬ 
pling, and radiation as energy ar¬ 
riving through the medium of 
space. Its field may be considerably 
distorted inside a building. Con¬ 
duction along the main lines is in¬ 
cluded as leakage. 

Radiation occurs mainly from 
the transmitter and associated 
equipment due to the large amount 
of power present there. It may 
also occur from long runs of un¬ 
shielded coaxial lines. It was de¬ 
cided to attempt to control direct 
radiation by shielding each unit 
and, after the equipment was 
placed in operation, determine if 
it was necessary to add further con¬ 
trols, such as a shielded room. It 
was decided that with other con¬ 
trols used the equipment need not 
be placed in a shielded room and 
that even the shield cans may be 
left off to facilitate tube or other 
maintenance. 

When unshielded loops are used 
to couple power to receivers under 
test, the large number of loops used 
contribute a field strength which 
may be higher than the residue 
radiation from the transmitters. It 
would be uneconomical to reduce 
radiation from the transmitters to 
a point greatly lower than that 
from the loops. No attempt has 
been made to shield loops used in 
the open on the assembly lines, al¬ 
though this might be done by plac¬ 
ing the receiver in an open metal 
box. Shielded booths are used at 
test positions where sensitive re¬ 
ceivers are aligned. These reduce 
radio noise disturbances from auto¬ 
matic screwdriver motors, fluores¬ 
cent lights, and eliminate any resi¬ 
due signal leakage that may be 
present. 

The booths are made of alu¬ 
minum alloy sheets on an extruded 
angle frame. When all openings 
are closed, no broadcast stations 
can be received, but the booth is 
normally operated with no door and 
two openings for handling receiv¬ 


ers. The receivers slide on a steel- 
topped bench equipped with a 
wooden insert under the coils of the 
receiver being tested. An 80-db line 
filter is installed. It is important 
that this filter and also the attenu¬ 
ator box be mounted directly on 
the booth metal wall to obtain a 
good ground. A wire or braid to 
ground is not sufficient. A Celotex 
lining improves the acoustical char¬ 
acteristics. 

The greatest control of radiation 
by any single item was installing 
all coaxial cables in conduit. A 
completely closed conduit system 
(except for drop-off cables) was 
used, tying the whole system to¬ 
gether with a common ground to 
the transmitter cabinets. It is un¬ 
important whether this system is 
grounded to actual ground. The 
conduit also controlled coaxial cable 
radiation. This radiation occurred, 
not so much through the cable, but 
from the outside ground conduc¬ 
tor of the cable acting as an an¬ 
tenna because of a slight potential 
difference between the outside coax¬ 
ial conductor and the transmitter 
ground plane. As it is difficult to 
determine the actual point of equal 
potential (the ground plane), in¬ 
deed if such a point exists, and be¬ 
cause any connection to this point 
must be of extremely low r-f imped¬ 
ance at 20 me, it is very difficult to 
control this type of radiation by 
a simple ground connection to the 
transmitter frame. A special filter 
was constructed by soldering a few 
feet of the outside coaxial conduc¬ 
tor to a metal plate in an S shape 
and then grounding the plate. This 
filter is quite effective, but placing 
the cable in conduit is a much bet¬ 
ter answer. 

If any appreciable signal is pres¬ 
ent on the main lines, it can radiate 
from them, as well as be conducted 
along them, and cause a very diffi¬ 
cult control problem. This is pre¬ 
vented by the use of filters. 

Simple r-f filters are used at the 
transmitter units. They consist of 
0.002-/xf mica capacitors from B-f- 
to ground and from both sides of 
the main line to ground. These are 
installed where the wiring enters 
the chassis, and the lead lengths are 


kept to less than one-half inch. It 
was found unnecessary to use filters 
in the main power wiring to the 
power supplies. Filters in the 
shielded booths contribute to this 
control, as well as reduce noise from 
the countless number of fluorescent 
lights and machinery. These filters 
are installed,*one in each main wire, 
and contained in a metal box 
which is grounded to the booth 
metal wall. 

LQW-PreqMeiicy Paddlnq 

In production aligning of radio 
receivers, part of the procedure 
may be accomplished more rapidly, 
and perhaps better, with inexperi¬ 
enced personnel, by the use of a 
wide-band signal. This allows trim¬ 
mers to be tuned for maximum out¬ 
put without rocking the gang. 

A number of disadvantage.s of 
the multivibrator for this use be¬ 
came apparent. One of the most 
glaring is the fall-off of radio-fre¬ 
quency voltage with frequency di¬ 
rectly as the order of the harmonic. 
To maintain proper distribution of 
the harmonics, the fundamental fre¬ 
quency of the multivibrator should 
be in the audio range, say, 1,000 
cps. If coverage is required to 
20 me, the output voltage falls 
to l/20,000th of the fundamental 
and an amplifier to build this char¬ 
acteristic up to a flat curve and fur¬ 
nish an output level of about five 
volts to operate the system is a big 
order. 

It was decided to use a radio-fre¬ 
quency oscillator sweeping across 
the band at an audio rate. A motor- 
driven capacitor was chosen for the 
sweep. During sweeping, the signal 
would appear on a receiver only a 
few microseconds every 1/lOOth of 
a second, and to increase the length 
of time the signal passed the re¬ 
ceiver frequency, frequency modula¬ 
tion was added by means of a reac¬ 
tance tube. When the circuit was 
tested, f-m was found to be unnec¬ 
essary, and it was also found that 
the motor speed could be reduced to 
1,800 rpm, which results in an im¬ 
pulse every l/80th of a second. 

Coupling units represent a some¬ 
what different problem from^ the 
other units, as they must handle a 
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band of frequencies. Cathode foK 
lowers were chosen for this reason. 
They were desifimed to work into a 
50-ohm load. 

Addifionql EqHipmqiif 

Since the equipment was first in¬ 
stalled, some of the features added 
are padding signals, an audio sys¬ 


tem, additional test stations, chang¬ 
ing location of test stations includ¬ 
ing one in the engineering depart¬ 
ment with an additional 50 feet of 
line, and split test stations. The lat¬ 
ter consists in feeding part of the 
four cables of a station to another 
station, for example, taking the i-f 
signal to another test position to 


enable another test operator to pre¬ 
align the i-f stages. Thus produc¬ 
tion can be increased on an assem¬ 
bly line by the use of two test opera¬ 
tors. 

Test operators report that they 
like the system, that it is much 
easier for them and results in faster 
testing. 


Automatic Limit Bridge for Production Testing 

Resistance of as many as 119 circuits are automatically compared with those of preci¬ 
sion circuits in a standard chassis. Amplified output of a bridge is converted to square 
waves and applied to a thyratron whose bias is set for required acceptance tolerances 


By R. D. CAMPBELL and E. J. TOTAH 


for grounding both standard and 
chassis under test and so that a 
given percent unbalance produce a 
constant output voltage throughout 
the entire resistance measuring 
range. The latter requirement 
makes it impossible to insert the 
bridge voltage between the center 
point of the ratio arms and ground, 
since drastic loss of sensitivity in 
measurement of low resistance val¬ 
ues would result. Accordingly, the 
bridge voltage supply must float 
above ground and be well insulated. 


THYRATRON 



N eed has long existed for a sim¬ 
ple automatic bridge to serve 
as the master test position on pro¬ 
duction assembly lines of electronic 
equipment. Bridges previously 
available for this purpose* have re¬ 
quired an inordinately long setup 
time and have therefore been use¬ 
ful only on runs of thousands of 
identical chassis. 

The equipment to be described 
requires about 15 minutes setup 
time and is therefore advantageous 
even on short production runs. The 

* Ei.KCTnONica, p 08, Feb. 194,3. 


instrument consists of a 3-gang, 
120-position ratchet-driven switch, 
arranged to step once per second, 
plus the circuit shown in the block 
diagram of Fig. 1. The instrument 
is capable of making 119 indepen¬ 
dent measurements of resistance to 
ground. Connection to the chassis 
under test is made through tube 
sockets and by clips at test points. 

Bridge Circuit Arrangement 

The arrangement of the bridge 
circuit is dictated by the necessity 


FIG. 1—Puaetieiu of the mola etagee of the outomatic circuit tester 








568 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 



FIG. 2—Circuit of bridgo Toltogo lupply 


The d-c unbalance voltage from 
the bridge is next amplified by a 
stage having high input resistance, 
and then converted into a-c for fur¬ 
ther amplification and rectification. 
Conversion to a-c is necessary, since 
the firing of the limit thyratron 
must be independent of the polarity 
of the original unbalance voltage. 

The thyratron is provided with a 
tapped bias supply, to permit selec¬ 
tion of several firing points corre¬ 
sponding to different amounts of 
bridge unbalance. The bias is con¬ 
trolled by a three-position toler¬ 
ance switch and, in addition may be 
modified by the installation of jum¬ 
pers on the main selector switch. 

The final block includes a five-sec¬ 
ond time delay, w’hich eliminates 
spurious rejects due to transients, 
and an indicator lamp which oper¬ 
ates when a true reject occurs. 

The circuit of the bridge voltage 
supply is shown in Fig. 2. The recti¬ 
fier is made by reassembling com¬ 



mercial selenium 6-plate groups 
having a current rating of 200 ma 
and a peak inverse voltage of 70 
volts per plate. The ballast lamp 
quickly limits short-circuit currents 
to approximately 0.7 ampere. 

A curve of bridge voltage against 
load resistance is given in Fig. 3. 
No attempt is made to regulate the 
bridge voltage and it therefore va¬ 
ries in proportion to the line. The 
error due to this variation has been 
reduced to one of second order mag¬ 
nitude by methods to be discussed 
later in connection with thyratron 
performance. 

The vital portion of the instru¬ 
ment is the detector. This device 
must have high input impedance, 
an efficient conversion of d-c to a-c, 
and excellent zero stability. The 
order of magnitude of unbalance 
voltages to be detected is as follows: 
5 percent yields 0.2.5 volt d-c, 10 
percent yields 0.5 volt and 20 per¬ 
cent yields 1 volt. Accordingly a 
d-c vacuum-tube voltmeter circuit 
is necessary having a zero drift 
small compared to 0.25 volt. In ad¬ 
dition, the zero must be the same 
whether the input be grounded 
directly or connected to ground 
through several megohms. The de- 
tenHor circuit is shown in Fig. 4. 

It has been found that many 
commercial 6C4 tubes have grid 
currents less than 2 x 10’*® ampere. 
In addition, careful measurement 


permits pairs of tubes to be selected 
whose unbalance due to changes in 
heater voltage is less than one-fifth 
the unbalance observed when a 
single tube is paired with a fixed 
resistance. A matched pair of tubes 
is used as the input circuit of the 
detector, one tube being used as the 
load of the other. A special plate 
supply is not required. An amplified 
d-c voltage is therefore available 
across points A and B of Fig. 4. 
The input tubes can henceforth be 
considered as a high resistance and 
battery in series as indicated in 
dotted lines in the circuit of Fig. 4. 

Figure 5 indicates the method of 
diode operation. Siiui* and \\ 
conduct together, the voltages V,n 
and arc half sinewaves and oc¬ 
cur at the same time. If K,. is zero, 
and r, removed, the contact poten¬ 
tial of V. appears across AB except 
when it is (uit off b>' (he vc»ltage V, 

At those times the voltage Vis 
zero. Similai-ly, if V., is i*(*placed and 
V removed, s(iuare waves of oppo¬ 
site polarity are generated across 
A/? due to the contact potential ofF... 

If both V:, and F., are replaced, 
En may be adjusted for balance, 
since it di.scoLirages one diode and 
encourage.s the other. At balance, 
the voltage AB is zero except for 
insignificant spikes of brief dura¬ 
tion at the end of each half cycle. 

If is increased by 1.0 volt, one 
of the upper diodes will remain con- 



FIG« 3—Bridgg Tollog* rggvlotloii eurr% 


PIG. 4—This d-c empliligr drciill act* ot Uig detector el bridge ufibalaace 
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FIG. 5—Operation of the electronic short< 
ing twitch formed by the diodes of Fig. 4 

ducting? until the input vollaK^^ 
from the lower diodes has become 
one volt greater. The result is that 
diodes F.. and \\ act as switches 
which open and close across AB. 
Once Bn has been set at balance, the 
output from the circuit will be 
square waves whose peak to trough 
amplitude equals any change in B.,. 
The battery and resistor across AB 
may now be forgotten and the cir¬ 
cuit is seen to be a d-c amplifier 
plus an electronic shorting switch. 

With suitable heater voltage con¬ 
trol, the circuit of Fig. 4 will drift 
less than two millivolts after a 
warmup time of one-half hour. In 
this particular application no heater 
voltage regulation is nece.ssary. 

The amplifier, rectifier, and filter 
are incjicated in Fig. 6. Half of a 
6SN7 is used as the gain stage, the 
other half being used as a shunt 
rectifier. This yields an output of 
square waves standing on the axis, 
rather than being symmetrically 
disposed about it. Thus the final 
value of filtered d-c is twice as great 



as would have been obtained with a 
series rectifier. 

The complete thyratron circuit is 
shown in Fig. 7. Essentially it is 
a normal a-c thyratron and relay 
circuit with a variable bias inserted 
between cathode and ground to i)er- 
mit selection of several firing 
points. 

The tolerance switch on the in¬ 
strument is grounded through 50,- 
000 ohms, whereas the arm on the 
selector switch is grounded directly. 
Hence, when the selector hits a cir¬ 
cuit where a jumper has been in¬ 
stalled, the bias will be established 
by the jumper and not by the main 
tolerance switch. 

The shunting effect of one circuit 
on the other creates negligible 
error. With the .switch and jump¬ 
ers as shown in Fig. 7, circuits 44, 
47, 48, 49, and 50 will be measured 
to 10 percent tolerance. Circuit 46 
will be measured at 5 percent, cir¬ 
cuit 45 at 20 percent, and circuit 43 
will not be measured at all since the 
bias available on the x jumper 
point is greater than the maximum 
signal the amplifier can handle. 

The VR75 and its associated re¬ 
sistors are inserted as a refinement 
to make the instrument nearly inde¬ 
pendent of line voltage. As pointed 
out, the bridge supply voltage is 
proportional to the line and one 


would therefore expect the signal 
at the thyratron grid to be propor¬ 
tional to the line. If this were true, 
and if the thyratron firing point 
did not vary with line voltage, the 
requirement would be satisfied by 
leaving the thyratron bia.s propor¬ 
tional to the line also. 

The selector switch is stepped 
once per second by a tube-operated 
relay as long as circuits are en¬ 
countered whose errors do not ex¬ 
ceed the tolerances set up. How¬ 
ever, when the thyratron fires, its 
relay prevents further stepping and 
the switch stops and waits upon 
that circuit. A reject is not imme¬ 
diately indicated. Instead voltage 
is applied to a 5-second delay circuit 
consisting of a resistor, capacitor, 
and another tube-operated relay. 
Upon operation of this relay a re¬ 
ject is indicated and the operator 
must manually .step the switch to 
the next position by means of a key. 
If the unbalance had dwindled dur¬ 
ing the 5-second interval so that the 
thyratron went out, the switch 
would have continued on auto¬ 
matically. The delay is necessary 
to avoid spurious reject.^ of long 
time constant circuits where the 
resistors might be correct but the 
capacitors considerably different. 

The bridge is arranged to be com¬ 
pletely set up without accessory ap- 
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paratus. According’Iy, step 0 of 
the selector switch is occupied oy 
standard resistors, normally set to 
represent a 10-percent unbalance. 
If the gain, bias, and balance ad¬ 
justments are made using these 
standards, the available tolerances 
will be 5, 10, and 20 percent. One 
standard may be varied slightly by 
means of a calibrated rheostat. 
This makes possible a choice of tol¬ 
erance groups at 4-8-16 or 6-12-24 
percent. Similar groups between 
these limits may be chosen. It is 
assumed that the usual choice of a 
tolerance group will be 6-12-24, for 
chassis containing chiefly 10-per¬ 
cent resistors. The 24-percent tap 
will then be available for measuring 
volume controls, and the 6-percent 
tap for more precise circuits. 

Sfondard Chassis 

A standard chassis must be built 
to represent accurately the group of 
production samples to be measured. 
In general the standard need con¬ 
tain only precision resistors. How¬ 
ever, considerable time will be 
saved by duplicating long time con¬ 
stant circuits so that the bridge will 
not need to hesitate so often. Ac¬ 
cordingly large capacitors should 
also be included. Note from Fig. 


1 that any polarized circuit ele¬ 
ments should be electrically in¬ 
verted in the standard chassis. 
Small air-core coils may well be 
used to represent themselves, but 
iron-core chokes and transformers 
may be replaced by resistors. Since 
the short-circuit current from the 
bridge supply is about 0.7 ampere, 
a check of low-resistance grounded 
circuits, such as r-f and i-f coils, 
will detect 0.4 ohm differences if 
the chosen tolerance is 5 percent. 
Thus, some shorted tuning and 
trimmer capacitors can be detected. 

The resistor values used in a 
standard chassis are not the nomi¬ 
nal values. A production run of 
chassis containing 1,000-ohm re¬ 
sistors cannot be properly checked 
if the standard chassis has pre¬ 
cision 1,000-ohm resistors in the 
equivalent circuits. 

A simple computation will indi¬ 
cate the reason for this. Consider 
the bridge of Fig. 1 with 20 volts as 
the bridge voltage and an unknown 
one percent different from the 
standard, such as 990 ohms and 
1,000 ohms respectively. The com¬ 
puted unbalance voltage is 0.05 
volt. Since the amplifier and de¬ 
tector are a linear system, the 
bridge will therefore recognize 5 


percent as 0.25 volt, 10 percent as 
0.5 volt, and 20 percent as 1.0 volt. 
Computing the unbalance for 1,200 
ohms, or 20 percent high, the value 
becomes 0.91 volt. Computing the 
unbalance for an unknown of 800 
ohms, or 20 percent low, the voltage 
calculated is 1.11 volt. Thus, a high 
value of resistance gives too little 
unbalance voltage and a low value 
gives too much. 

The remedy is to choose the 
standard somewhat lower than 
1,000 ohms. The proper size for 
the standard may be easily com¬ 
puted from the formula P = 0.005 
Q' where Q is the percent tolerance 
at which a resistor is to be checked 
and P is the percent low to select 
the standard. For example: if a 
1,000-ohm resistor is checked to 
10 percent tolerance, P = 0.005 
(10)"' = 0.5. Therefore the stand¬ 
ard should be 0.5 percent low or 995 
ohms. For maximum accuracy the 
standards should be chosen in this 
manner. This consideration is par¬ 
ticularly important when the toler¬ 
ance setting is high. At 20 percent 
tolerance, if the nominal value were 
used as the standard, the bridge 
would accept resistors lying be¬ 
tween 18.2 percent low and 22.2 per¬ 
cent high. 


Direct-Indicating Comparison Bridge for 

Production Testing 


Designed for rapid production test¬ 
ing where moderate accuracy is 
desired, the circuit shown in the 
illustration provides comparison of 
resistors, capacitors and inductors 
to a similar standard. It consists 
of an a-c slide-wire bridge and an 
electron-tube indicating circuit 
The slidewire covers a range of 
approximately :i:60 percent of the 
value of the standard. 

Three working standards are 
used in calibration of the gear; one 
of nominal value and one each of 
upper and lower desired limits. 
Low and high values can be differ¬ 
ent. After adjustment, the sepa¬ 
rate indicating meter provides a 



difeel4adleallaf ccm w iI b wi brldf* 
within-limits reading up to a 


marked point on the scale or an 
outside-limits reading beyond. Thus 
the testing operator is not required 
to rotate dials or press buttons. 

Accuracy of the equipment is 
largely dependent on the care with 
which limits are set as well as vari¬ 
ations in line voltage. However, 
sensitivity and stability are such 
as to permit successful operation 
with limits set as close as =t:5 
percent or as wide as ±60 percent 
of nominal. As made by Industrial 
Instruments, Inc., the range of 
measurement on capacitance is from 
0.0001 to 1.0 /if; in resistance, from 
2000 ohms to 20 meg; and in in¬ 
ductance, from 6 to 60,000 henrys. 
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Frequency Meter for Use by Factory 

Personnel 

By W. I. STBAUSS 


INDUSTRIES that use audio 
frequencies in measurement work 
have use for a frequency meter 
that measures from ten to 50,000 
cycles and that can be operated by 
non-technical personnel, after a 
few minutes instruction. To fit 
these requirements, engineers at 
North American Philips designed 
the unit illustrated for use in their 
plant. 

The frequency meter they devel¬ 
oped has sufficient power to operate 
a strip-chart recorder without an 
auxiliary amplifier regardless of 
voltage variations between 2 and 
200 volts. 

The input circuit consists of a 
limiter as shown in the diagram. 
This stage employs resistor Rt to 
bias the control grid of the input 
tube on the peaks of a cycle. 

In clipping the peaks of a cycle, 
the output shows a square wave 
with steep fronts. The square wave 
results regardless of whether the 
input frequency is a pure sine wave 
or one with distortion and irregu¬ 
larities. In case of a badly dis¬ 
torted wave, the grid circuit will 
favor the predominant frequency 
over the lesser peaks by a ratio of 
about 3 to 1. 

FlooHng Screen 

Plate output voltage of tube V-1 
is held constant by a floating screen 
grid. Since plate ^rrent changes 
are a function of screen voltage, 
increase of audio input voltage re¬ 
sults in a decrease of screen volt¬ 
age. This, in turn, is affected by 
the bias developed across Rx, Screen 
voltages reduce proportionately 
with increase of grid bias devel¬ 
oped across Rx. Stabilization of 
screen resistor R 4 to ground, or B- 
wlth a bleeder resistor, would limit 
the range of constant output to a 
narrow band of frequencies. Ca¬ 


pacitor C:: is an audio bypass to 
prevent any part of the original 
wave shape from entering the plate 
circuit. The RC time constant of 
Ri and Cg is sufficient to delay any 
small part of the original wave 
from coinciding with the square 
wave, thus avoiding valleys and 
discharge peaks. 

At V-1, a type 6AG7 was found 
to be best from the standpoint of 
high transconductance and high 
screen-grid wattage dissipation. 
The input sensitivity is slightly 
more than one volt, for almost all 
frequency ranges. Input imped¬ 
ance is greater than 100,000 ohms 
for most frequencies but not higher 
than the value of R». 

Multivibrofor ot Amplifier 

The multivibrator circuit formed 
by F-2 and F-3 is directly con¬ 
nected to the plate of F-1, and is at 
rest by virtue of bias-resistor R<,. 
The value of R,. is selected to per¬ 
mit the multivibrator circuit to 
operate at the instant a square- 
wave voltage is present at the plate 


of V-1. The multivibrator circuit 
has no resonant characteristics; 
its function is to amplify the out¬ 
put of V-1 without alteration. 

Amplified square waves are then 
fed into an RC integrating network 
(Cr.,fts, etc.) which determines the 
amplitude of the pulse that is to ap¬ 
pear on the grid of F-4. Capacitors 
in the frequency-selector circuit 
are either air-type trimmers or 
silver-mica types having negative 
coefficients to minimize calibration 
drift caused by heat within the in¬ 
strument. 

Operation of the V-4 tube circuit 
is similar to class C audio amplifi¬ 
cation. The grid bias is adjusted 
to zero plate current with no sig* 
nal input. This circuit functions 
as a linear amplifier in which plate 
current changes are directly pro¬ 
portional to grid voltages. 

Sofery Circuit 

External and panel meters are 
protected from burnout by a relay 
in the plate circuit of F-4. The re¬ 
lay shorts the meter when current 
exceeds 10 ma and releases at about 
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4 ma. The meter circuit is ar- 
ranpred to permit reading the panel 
and external meters simultan¬ 
eously. Accurate frequency indica¬ 
tion on the external meter is only 
limited by the meter itself. If a 
recorder is used, overshooting and 
undershooting of the pen (deter¬ 
mined by chart paper travel) must 
be taken into consideration. If the 
frequency meter is accurately cali¬ 
brated and stabilized, the inherent 
circuit error will be less than 2.0 
percent of full scale over the entire 
range of 10 to 50,000 cycles. 

An RC network having a long 
time constant (C#, CH.) is incor¬ 
porated into the plate circuit <^f 


VA, Without the RC network, some 
recorder pens resonate badly at 
100 to 130 cycles with the selector 
switch (S,) set on 100 or 600-cycle 
positions. External meters having 
a 6-ma movement and a coil resis¬ 
tance not exceeding 1000 ohms 
may be used without recalibration. 
An external meter-damping resis¬ 
tor, jBi 4 of 10,000 ohms, was chosen 
as an optimum value. 

For frequency calibration 60 
cycles at 6.3 volts is obtained from 
the filament leg of the transformer 
and 120 cycles at 2.5 volts comes 
from the B-minus leg of the full- 
wave power rectifier through a 47- 
ohm resistor. The calibration 


switch is normally open (center 
position) as shown. Selector switch 
Su is placed on the 100 or 500-cycle 
range when making a calibration 
check. 

The frequency meter has been 
used to mea.su re audio-frequency 
difference.s in quartz crystal manu¬ 
facturing, determine pulse fre¬ 
quencies, fund ion for gamma, 
x-ray, and electron counting, de¬ 
termine a-c line frequencies for 
power and audio transformer de¬ 
sign, and measure temperature- 
coefficient-drift on transmitters 
and receivers operating under test 
temperatures of from - 40 to 200 
deg F. 


Pulse-Type Tester for High-Power Tubes 

Motor-driven S-rpni commutator in simple trigger circuit causes igniIron to fire and apply 
high-voltage pulse to grid of tube being tested. Resulting grid and plate voltage and 
current pulses are measured on high-persistenee c-r tube by means of calibrating spot 

By E. C. EASTON anil E. L. CHAFFEE 


T he purpose of the pulse-type 
high-power tube tester herein 
described is to obtain simultaneous 
measurements of plate voltage, 
plate current, grid voltage, and 
grid current at the crest of the 
grid-current curve of a triode when 
the grid current is made to vary 
as a pulse of very short duration. 

An electrically operated commu¬ 
tator alternately applies to a 
cathode-ray oscilloscope a signal 
from the tube tester or a signal 
from a calibrating circuit. When 
the tube tester is connected to the 
oscilloscope, a volt^e proportional 
to the grid current is applied to 
the horizontal plates while the 
vertical deflection is produced by 
either the plate voltage, plate cur¬ 
rent, or grid voltage as desired. 
The operator obtains readings of 
the peak values by matching a 
calibrating spot with the end of the 
characteristic curve as seen on the 
long-persistence screen of the oscil¬ 
loscope. 


The apparatus was designed to 
test tubes of the type used for 
loran. The tube can be supplied 
w^ith plate-current pulses of 200 
amperes at plate voltages up to 
20,000 volts. The grid voltage may 
be varied from —5,000 to -f 10,000 
volts. 

Measuring Circnit 

The measuring circuit is shown 
in Fig. 1. The grid current is 
measured in terms of the voltage 
across a noninductive shunt i?ic. 
This voltage is applied directly to 
the horizontal plates of a cathode- 
ray oscilloscope. The plate current 
is measured in similar fashion by 
applying directly to the vertical 
plates of the oscilloscope the 
voltage across the noninductive 
shunt Rt, By means of switch 
the vertical plates may be con¬ 
nected either across A, for plate 
current measurement, across for 
plate voltage indications, or across 
£« for determining the grid voltage. 


Complete shielding of all portions 
of the measuring circuits is most 
e.ssential in this method because of 
the use of pulses having high rates 
of change of current. 

The combination CjCJRJt^ forms 
a compensated voltage divider to 
supply a known fraction of the 
plate voltage to the oscilloscope. 
Similarly, C.CJRJR^ form another 
compensated voltage divider for 
the measurement of grid voltage. 
Each voltage divider is carefully 
adjusted with the aid of a 
square-wave generator so that 
when a square wave of voltage 
is applied across the divider, a good 
reproduction of the square wave 
appears across the low-voltage 
section. 

The high-voltage section of each 
divider is enclosed in an aluminum 
shield. The low-voltage section 
plugs into sockets mounted on the 
shield. The shield and the bottom 
of the low-voltage section are 
grounded to a common point whi^ 
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also serves as the ground connec¬ 
tion for the tube to be tested, the 
cage which holds the apparatus, 
and the shunts and Rxo> By the 
use of a common ground point, 
ground currents are kept out of the 
cage and shields, and thus mag¬ 
netic disturbances from ground 
currents are minimized. 

Connections from the voltage 
dividers and shunts to the oscillo¬ 
scope are made through coaxial 
cable. The grounded side of each 
shunt and voltage divider is con¬ 
nected to the outer conductor of the 
corresponding cable. All these 
cables run to a junction box which 
contains switch SW, and relay RY^. 
The junction box is grounded to the 
common ground point, but all cable 
connections are insulated from the 
box. Thus, if, because of very 
heavy tube currents, the grounded 
side of a cable should be at a dif¬ 
ferent potential from ground, no 
part of the tube current will flow 
through the outer conductor of the 
cable. With these precautions in 
grounding and shielding, no mag¬ 
netic pickup or interaction between 
circuits is observed. 

The impulse of grid current is 
controlled by the ignitron RX-226A. 
When the trigger circuit causes 


the ignitron to fire, the voltage on 
capacitor is applied between grid 
and cathode of tube -Y. The in¬ 
ductance L retards the rise and fall 
of grid current sufficiently to pro¬ 
vide a grid-current pulse which 
rises rapidly and then holds a 
rounded peak for several micro¬ 
seconds before dropping. 

Pttise-Foriiiing ClrcHit 

Before the ignitron is fired, the 
grid of the tube A" is kept at a 
negative potential by a bias power 


supply acting through Ro. This 
negative bias is adjustable to a 
maximum of 5,000 volts and is set 
at a value sufficient to hold the 
plate current to a negligible value 
over the normal range of plate 
voltage. 

By means of voltage divider 
R-Jt^ in Fig. 1, a portion of the grid 
voltage i.s fed to the intensity con¬ 
trol of the oscilloscope. When the 
ignitron fires, the intensity of the 
electron beam is greatly increased, 
and the rapidly-formed trace is 
made visible on the long-per¬ 
sistence screen. (Battery Bs serves 
to position the electron beam to the 
left of the center of the screen.) 

The oscilloscope beam is deflected 
horizontally by the grid cut-rent, 
and vertically by either the plate 
voltage, plate current, or grid 
voltage, depending on the setting 
of When the grid current is 

at its peak, the beam is deflected 
to a maximum horizontally. Hence, 
if observations are made on each 
vertical signal at the extreme of 
the horizontal deflection, all read¬ 
ings are obtained at the peak of the 
grid current. 

Calibrofien Procedure 

In order to calibrate the oscillo¬ 
scope and thus obtain the true 
value of each measured quantity 
from the deflection on the screen, 
two variable d-c voltages are pro¬ 
vided, as shown in Fig. 2. By 
means of battery Bj, potentiometer 
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FIG. 3—Pow«r lystoiii for pulie-type tub* tMt*r 


J?,T, and voltmeter Vx, a known 
voltage of any desired value can be 
applied to the vertical plates; 

Rxt and V, supply a similar known 
adjustable voltage for the horizon¬ 
tal plates. When relay RYi is in 
the position shown in Fig. 1, these 
calibrating voltages are applied to 
the oscilloscope. 

By adjusting R^^ and Ru, the lum¬ 
inous spot may be moved to any 
point on the screen. Thus the spot 
may be moved to the end of the 
signal trace, and by reading Vi and 
Fa, the vertical and horizontal de¬ 
flection voltages can be determined 
at the peak of the grid current. 
Knowing these deflection voltages 
and the resistance of shunts Rt and 
Rw, the plate and grid currents 
may be found. Similarly, knowing 
the voltage divider ratios, the plate 
and grid voltages may be deter¬ 
mined. 

In order to keep the outer con¬ 
ductors of all coaxial cables at 
ground potential, it is necessary to 
have the plate and grid voltages 
cause a deflection in the opposite 
direction from that caused by the 
plate current. Switch SWi re¬ 
verses the polarity of the calibrat¬ 
ing voltage whenever the polarity 
of the signal voltage changes. 

Belay RYi switches the oscillo¬ 
scope from signal to calibration. 
When the relay is energized, the 
signal is fed to the oscilloscope. 
When the relay coil current is re¬ 
moved, the oscilloscope is connected 
to the calibrating voltages. 

The operation of relay RYi is 
controlled by the trigger circuit 
shown in Fig. 2. This circuit in¬ 
cludes a mechanical commutator 
having three contacts. The com¬ 
mutator rotates at 5 rpm. The 
rotating Bakelite disc contains a 
brass insert wlych connects the 
contacts with each other as the 
disc turns. When contacts A and 
B are connected by the brass insert, 
relay RYi is energized by trans¬ 
former TRx, and the measuring 
circuit is connected to the oscillo¬ 
scope. 

^en all three contacts are 
connected together, relay RYu is 
energized. This relay causes C# to 
discharge through the primary of 


transformer TR», The pulse of 
voltage from the secondary of TR^ 
fires the ignitron and thus applies 
the grid voltage to tube X. As the 
commutator continues to rotate, 
both RYj and RY^ are deenergized, 
and the calibration voltages are 
applied to the oscilloscope. Thus, 
five times a minute, the following 
cycle of operations takes place: RYx 
closes, RYt closes, the ignitron fires, 
RYx and RY, open. With RYx 
closed, the operator sees the tube 
characteristic on the oscilloscope 
screen. With RYj open, he sees the 
spot as positioned by the calibrat¬ 
ing voltage. 

The operation of the mechanical 
commutator is made automatic by 
setting switch SW» in Fig. 2 on 
Aut. When this switch is open 
(position indicated as Man) the 
commutator does not rotate. With 
SWt open, the operation of the com¬ 
mutator may be controlled manually 
by pushbutton 8 W» on the main 
panel, or by which is a remote 
trigger mounted at the end of a 
long cord. The 6X5 tube shown in 
Fig. 2 is a rectifier which charges 

a 

Frefectiva Devlcei 

To insure the safety of both op¬ 
erator and equipment, various pro¬ 
tective devices are provided. In 
Fig. 1, Nu Nt and W, are J-watt 


neon bulbs. Should a flashover 
occur in any of the high-voltage 
circuits these neon bulbs together 
with resistors £», and Ru will 
prevent the voltages applied to the 
oscilloscope from exceeding a 
value of approximately 70 volts. 

Spark gap SGi is set to break 
down at 20,000 volts in order to 
protect Cl, which is rated ai 25,000 
volts. Gap SG^ breaks down at 10,- 
000 volts to protect the 12,600-volt 
capacitors at C«. 

Paper gaps SG., and SG. are de¬ 
signed to break down and form a 
mechanical short-circuit if exces¬ 
sive voltage should appear across 
either shunt R» or Bio. These gaps 
each consist of a spring whose 
pointed end presses against a brass 
plate. A piece of thin paper is 
placed between the point and the 

plate. If excessive current should 

be passed through the shunt, the 
paper is punctured, the spring 

makes contact with the plate, and 
the shunt is short-circuited. 

In order to prevent the operator 
from applying plate voltage to tube 
X before the negative grid bias is 
connected, the power controls are 
interlocked as shown in Fig. 8. 
Closing switch SWt applies filament 
voltage to the 866A mercury-vapor 
tubes in the bias power supply. 

This switch also supplies voltage 
for SWt. Closing SWt applies plate 
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voltage to the bias rectifier and 
thus provides the negative bias for 
tube Xw After SWn is closed, 
voltage is available for the grid 
and plate power supplies. 

The use of two autotransformers 
in the high-voltage parts of the 
grid and plate power supplies is 
an added safety feature. In each 
system, one autotransformer is 
placed out of the operator’s reach 
and is set so that when the second 
autotransformer is adjusted by the 
operator, no dangerously high 
voltages may be applied to the tube 
X at any setting of the operator’s 
control transformer. 

Switch mounted on the 


main panel, turns on the blowers 
which cool tube X and also 
provides voltage for SWt»- Closing 
SW^s applies voltage to the filament 
of tube X and also provides voltage 
for the trigger circuit. 

When the tube tester is used for 
making measurements, it is advis¬ 
able to keep the oscilloscope signal 
voltages between 26 and 50 volts. 
Voltages below 25 give deflections 
whose short length increases errors 
in measurement. Voltages much 
in excess of 60 volts may cause the 
neon protective bulbs to ignite and 
give a false indication. 

To keep the oscilloscope voltages 
within the required range when 


measuring grid or plate voltages, 
each voltage divider is provided 
with several different low-voltage 
sections. Thus, the plate-circuit 
voltage divider has four low- 
voltage sections providing voltage 
ratios of approximately 50, 100, 
200, and 400. These ratios cover 
the voltage ranges 0-2,500, 2,600- 
5,000, 5,000-10,000, and 10,000- 

20,000 respectively. 

Similarly, shunts of different 
value are provided for JR, and Rio. 
For Ra the available resistances are 
approximately 2, 1, 0.5, and 0.26 
ohms covering the current ranges 
0-25, 25-50, 60-100, and 100-200 
amperes respectively. 


V High-Speed Resistor Tester 

Pigtail resistors are checked against a standard with a percentage limit bridge at a speed 
of 1,800 per hour. An electronic null detector and special fixtures reduce hand opera¬ 
tions to a minimum 


I N MANUFACTURE of electronic 
equipment, the percentage limit 
bridge with its usual accessories 
often fails to meet all resistor-test¬ 
ing requirements. In the design to 
be described, the instrument is 
arranged for maximum utility and 
speed of operation. The physical 
design of the equipment has been 
influenced primarily by job analysis 
and motion study. 

The equipment consists of two 
assemblies so that maximum table 
space is made available to accommo¬ 
date other testing operations. All 
major sources of heat are isolated 
from the operator, and from the 
calibrated components, by being 
mounted in the rear assembly. The 
front assembly shown in Fig. 1 
contains the complete bridge circuit 
and the null-indicating instrument. 
This confines all points of operation 
to a small space and allows mini¬ 
mum motion of both hands and 
eyes. The sequence of motions by 
the operator are natural, rhyth¬ 
mical, and as nonfatiguing as 
possible. 


By A. W. DAUBENDICK 

An operator, when inspecting 
pigtail type resistors, takes them 
from stock a handful at a time. The 
individual resistor is delivered to 
the test clips while being held by its 
leads, one in each hand. After the 
resistor is inserted in the test clips, 
the operator’s hands are removed 
from the test circuit while the limit 
measurements are being made by 
continuing the motion of the fore¬ 
arms downward. When the release 
motion is completed, the limit¬ 
switching operation follows auto¬ 
matically since the motion of the 
right arm is terminated by striking 
(with the bottom of the hand) a 
large Bakelite platform which is 
mechanically coupled to the limit 
switch. 

The operator’s cues to observe 
the indicator are the operations of 
releasing and switching. If the 
switching operation causes the in¬ 
dicator needle to cross zero (mid- 
scale) the resistor is known to be 
within the limits indicated by the 
settings of the limit controls. The 
resistor is then removed by a re¬ 


versal of the insertion operations. 

Although the limit-switching op¬ 
eration might be regarded as a 
motion that should be eliminated, it 
becomes useful in this arrangement 
as an inducement for the operator 
to remove his hands from At 



bakelitc 

PLATFORM LiiiiT CONTROL RANGES 


RANGE ♦CONTROL -CONTROL 
HI 50% 33 '/*% 

LO I6%*/, 14^7% 


riG. 1—SchRinotlc ol bridge cneemblj. 
The panel meter hoe a 0.S-ma sero-center 
range and the reeittort are accurate te 
±0.1 percent 
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the same time the switching opera¬ 
tion has been reduced to a negli¬ 
gible loss. 

Gross time study of the operation 
of this equipment, inspecting one- 
watt carbon resistors with axial 
leads, shows an operating speed of 
about 1,800 pieces per hour for a 
male operator. 

Null Indicator 

In the design of the electronic 
d-c null indicator shown schemati¬ 
cally in Fig. 2, some sacrifice has 
been made in voltage sensitivity. 
But, since the input resistance to 
this instrument is 10 megohms, the 
current sensitivity is better than 
0.001 microampere per least scale 
division. The voltage sensitivity is 
still great enough for 0.1 percent 
discrimination with as little as 5 
volts applied to the bridge. The 
electronic null indicator allows the 
limit bridge to be applied profi¬ 
ciently to resistances ranging be¬ 
tween 5 ohms and 50 megohms, a 
ten-million-to-one ratio. 

The circuit of the null indicator 
consists of a series-balanced d-c 
voltage amplifier direct coupled to a 
parrallel-balanced current amplifier. 
The input of the voltage amplifier 
is actuated from the null terminals 
of the bridge through a light a-c 
filter. 

The circuit quantities shown pro¬ 
vide ample sensitivities, and zero 
drift is low enough not to require 


filament voltage regulation to sta¬ 
bilize contact potentials. At the 
same time the variable-mu grids 
obtain a semilogarithmic deflection 
pattern (see Fig. 3) which is con¬ 
sidered most desirable in some 
applications. 

Tube matching is the most criti¬ 
cal provision for these circuits. If 
tube selections are favorable, the 
zero drift may be less than two de¬ 
grees deflection (equivalent to 
about 10 mv) with line voltage vari¬ 
ations of 10 percent. The first stage 
deserves the most favorable choice 
of tubes and it is also desirable that 
the input tube be a hard one to min¬ 
imize the effects of input resistance 
variation. This latter requirement 
is not too critical, however, since 
the final zero adjustment may be 
corrected for any particular setup, 
after which the remaining errors 
will be entirely negligible. 

Powar Supply 

The power supply is inadequate 
for operating the bridge through 
the very low end of the resistance 
range but it takes care of all bat¬ 
tery requirements for values above 
100 ohms, which include the wide 
majority of applications. It adjusts 
itself automatically to the ideal re¬ 
quirements throughout its applic¬ 
able range. 

There is no pretense of using the 
VR-75 for regulating purposes. 
Rather, this tube serves as an auto¬ 


matic voltage limiter which will not 
shunt the output circuit as maxi¬ 
mum load current is approached. 
The maximum output voltage ob¬ 
tained was chosen as approximately 
the maximum which cannot be 
sensed by an operator's fingers. No 
greater voltage is ever required be¬ 
cause of the high current sensitiv¬ 
ity of the null indicator. 

Maximum output power, obtained 
at the deionization potential of the 
VR-75, is about 1.76 watts. Since 
the multiplier consumes almost J 
watt, there remains only one watt 
to be divided about evenly between 
the standard and the unknown. 
This feature provides ample pro¬ 
tection against damaging overloads. 
The maximum current available to 
the test circuit is 26 ma. Whenever 
low resistance setups require more 
current than this, battery power 
will be more applicable. 

The test clips are machined from 
i-inch square stock. When made 
from hardened steel or finished in 
hard chrome plate they have been 
found to accommodate millions of 
insertions without noticeable wear. 
The two members of each contact 
assembly are bound together with a 
single screw against a compression 
spring. This arrangement provides 
for adequate adjustment of contact 
pressure, and convenience in dis¬ 
mantling for cleaning. 

Referkncb 

(1) Maurice Artzt, Survey of D-C 
Amplifiers, Eliotronics, p 112, Aug. 1946. 
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Overvoltage Testing of Capacitors 

Methods and equipment for testing paper-dielectric liquid-filled capacitors for direct- 
current service are described. In addition to precautions for personnel safety, testing 
techniques should limit charging and discharging currents and prevent oscillation 

By R. J. HOPKINS 


Because, in general, manufactur¬ 
ers of high-voltage capacitors elec¬ 
trically test 100 percent of their 
products, repetition of these tests 
by customers on 100 percent of 
their incoming capacitors should 
be unnecessary. Sampling proce¬ 
dures that insure a satisfactory 
average quality level (AQL) have 
been developed on a statistical 
basis and have been widely ac¬ 
cepted by industry for quality con¬ 
trol purposes. 

A typical sampling schedule simi¬ 
lar to that used by the U. S. Army 
for acceptance of d-c rated paper- 
dielectric capacitors is given in 
Table I. In the event that the num¬ 
ber of defective capacitors in any 
sample quantity exceeds that al¬ 
lowed by the table, the lot from 
which the sample was taken can be 
tested 100 percent. 

Overvoltage tests on capacitors 
include the following: 

Dielectric test: Voltage is ap¬ 
plied from terminal to terminal, 
across the active dielectric. 

Ground test: Voltage is applied 
from each terminal to case where 
the case is not a terminal, and thus 
across the major insulation between 
dielectric assembly and case, in¬ 
cluding bushings. 

Multipxj: sections test: Voltage 
is applied between sections where 
there are more than one independ¬ 
ent section in the same case. 

When making terminal-to-ter- 
ninal or dielectric tests, it is of 
greatest importance that charging 
and discharging currents be non- 
oseillatory. Direct-current capaci¬ 
tors are designed to operate with 
much higher voltage stresses across 
their dielectric than are a-c rated 
eapaeitors, and oscillation of either 


charging or discharging currents 
impresses oscillatory voltages 
across the capacitor which may ex¬ 
ceed the a-c breakdown strength of 
the capacitor, thus causing failure. 

Even though the charging and 
discharging currents are nonoscil- 
latory, there is danger of damage 
due to high peak currents. Most 
capacitors designed for ordinary 
d-c operation are not intended to 
withstand high current surges, and 
such surges may cause arcing at the 
foil electrodes. This possibility of 
damage is recognized by various 
standards issued during the war to 
cover hermetically sealed paper ca¬ 
pacitors. For example, AWS C-75.16 
and JAN C-25 specify that charg¬ 
ing and discharging currents be 
limited to one ampere. This limit 
has been widely adopted by the ca¬ 
pacitor industry. The resistance 
required to hold the capacitor cur¬ 
rent within this limit is more than 
sufficient to suppress oscillations in 
the test circuits described later. 

When testing, it is possible to al¬ 
low the capacitor to remain charged 
but disconnected from the voltage 


source for the duration of the test 
However, under these circum¬ 
stances failure may occasionally 
occur at the instant of discharge 
after the test, even though the dis¬ 
charge current is nonoscillatory and 
limited to one ampere. It has been 
shown that these failures do not 
occur if the capacitor remains con¬ 
nected during the test. 

Teit Prod Typo Equlpmont 

Simplest and least expensive type 
of equipment for making tests at 
voltages below 5,000 volts d-c is the 
so-called test prod or test-sticker 
type of test set. This equipment in¬ 
cludes a full-wave rectifier with 
plate voltage control to cover the 
voltage range desired, and a suit¬ 
able voltmeter, with two test leads 
brought through flexible armor to a 
pair of insulated test handles. 
Rather than moving the work to 
the test leads, the prods can be used 
by the operator to apply voltage to 
a large number of capacitors with¬ 
out handling each individual capaci¬ 
tor. 
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FIG. 2—Iat«ilocki an ma}or circuit iuaturut oi this tost cogs •guipmsnt 


For the sake of safety, the cab¬ 
inet access doors are usually inter¬ 
locked, and the low-voltage supply 
circuit to the plate transformer is 
usually brought through a pair of 
push button contacts on each test 
handle, convenient to the operator's 
thumbs during normal use of the 
prod. It is thus difficult to obtain 
voltage at the test handles unless 
the operator has one in each hand. 

A schematic diagram for such a 
test set is given in Fig. 1. This set 
uses 116-volt 60-cps power, brought 
through a cabinet door interlock 
and fuse block to a motor-driven 
time-delay relay that prevents ap¬ 
plication of power to the plate 
transformer until the tube fila¬ 
ments are heated. Provision is made 
so that filament power is on as long 
as the main line switch is closed in¬ 
dependently of the plate power. 
Control of the plate voltage is ob¬ 
tained by a variable-voltage auto¬ 
transformer in the low-voltage sup¬ 
ply. Plate voltage is switched on 
and off by means of the two push¬ 
buttons in the low-voltage supply, 
which are physically located in the 
handles of the test prods. 

The full-wave rectifier uses GL- 
866-A mercury-vapor tubes, and the 
d-c supply is filtered. A voltmeter 
and voltmeter multiplier, in this 
case a one-milliampere meter and 
five-megohm resistor, are connected 
across the test leads. Between the 
rectifier and the filter, and between 
the filter and the test prod, 5,000- 
ohm resistors have been installed 
to limit charging current to one 
ampere. The 60,000-ohm resistor 
connected across the test leads pro¬ 
vides a discharge path for the test 
capacitor after the plate voltage is 
removed. This resistor is larger 
than is necessary to limit the dis¬ 
charge current to one ampere be¬ 
cause, as it is permanently con¬ 
nected across the d-c output, it 
must be high enough to keep the 
current that is drawn to a fraction 
of the available rectifier output 

When testing with this type of 
equipment, the voltage must first 
be preset to the desired test level. 
This presetting is simplified by pro¬ 
viding protective scabbards for the 
test pr<^s, close enough together so 


that the operator can press both 
buttons in the handles with one 
hand, leaving the other free to ad¬ 
just the voltage control. The prods 
are then applied de-energized to 
the terminals of the capacitors to 
be tested, and the buttons on the 
handles depressed, after which the 
voltage rises to the preset level. Af¬ 
ter the required time of application 
of test voltage, plate voltage is re¬ 
moved by releasing the buttons in 
the handles, and the capacitor dis¬ 
charges through the resistor con¬ 
nected across the test leads. 

Test Cegg Typg Eqslpngat 

For making tests above 6,000 
volts, the interests of safety to the 
operator dictate using a test set 
with an interlocked test cage in 
which one capacitor at a time can 
be connected to the test leads. The 
wiring diagram of such a test set, 
rated 36 kv maximum, is Fig. 2. 

This set includes a half-wave 
Kenotron rectifier, supplied through 
a variable-voltage transformer 
from a 116-volt 60-cps source. Fail¬ 
ure protection is provided by both 
fuses and circuit breakers. Start 
and stop push buttons with suitable 
indicating lights are supplied to 
control the coil current to two con¬ 
tactors in series with the plate sup¬ 
ply, Two contactors are provided to 
protect the operator in case one 
contactor sticks. Door and test 
cage interlocks open the coil circuit 
of these contactors. 

Resistors are provided in series 
with the high-voltage lead between 


filter and discharge switch and be¬ 
tween discharge switch and the test 
leads to limit charging and dis¬ 
charging currents to one ampere. 
An additional series resistance of 
800,000 ohms is provided to limit 
the total plate current to the rating 
of the tube. In this set the dis¬ 
charge path is a solenoid-operated 
switch between the high-voltage 
lead and ground. The voltmeter has 
10-kv and 35-kv scales with a sole¬ 
noid-operated multiplier switch. 

Testing with this type of set is 
quite simple. After the filament of 
the rectifier has been heated, one 
capacitor at a time is connected to 
the test leads. With the gate and 
the plate circuit closed, voltage is 
raised slowly to the desired level by 
means of the variable-voltage trans¬ 
former and is held at that level 
for the desired time. At the end of 
the desired holding time, the volt¬ 
age control is turned to the zero 
position and the plate power re¬ 
moved by pushing the off button. 
This button also closes the dis¬ 
charge switch, thus draining the 
charge on the capacitor quickly 
enough so that substantially no 
charge remains by the time the 
operator has opened the cage to 
change connections. 

With this type of set, capacitors 
should not be connected in parallel 
for test. With two or more capaci¬ 
tors connected in parallel, fallare of 
one capacitor allows the other paral¬ 
lel-connected capacitor to discharge 
through the resultant short circuit, 
with a discharge both oscillatory 
and of a high peak current 
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Tabu I —Capacitor Sampling Toble lor Overvoltage Tests 


Lot Size 


First 

Sample 


Number of Samples 


Up to 299. 25 

300-499. 35 

500-799. 50 

800-1,299. 75 

1,300-3,199. 100 

3,200-7,999. 150 

8,000-21,999. 200 


Second 

Sample 

50 

70 

100 

150 

200 

300 

400 


imles 

Combined 

Samples 

75 

105 

150 

225 

300 

450 

600 


Allowable Rejects 


First 

Sample 

0 

0 

1 

2 
2 
3 
1 


Combined 

Samples 

1 

2 

3 

4 
6 
9 

11 


If rejects from first sample exceed the allowable limit for a first sample, but do not 
exceed the allowable limit for combined samples, take second sample. If rejects 
from first sample or combined samples exceed the allowable limit for combined 
samples, reject lot for 100 percent tests. 


Voltages to be used for over volt¬ 
age testing of d-c capacitors have 
been standardized satisfactorily in 
the last few years. These voltages 
are now shown in proposed JAN 
C-26 Amendment 1, and it is antici¬ 
pated that these same values will 
be recommended in industrial 
standards now being designed to 
cover capacitors for commercial use. 
Such test voltages include: 

Terminal - to - terminal test 
voltage: 200 percent of rated d-c 
volts for 15 seconds, or 260 percent 
of rated d-c volts for one second. 

Terminal-to-case voltage: 400 
percent of rated d-c volts for capaci¬ 
tors rated 600 volts d-c and below, 
and 200 percent of rated volts plus 
1,000 volts for capacitors rated 
above 600 volts. The time of appli¬ 
cation of full test voltage is one sec¬ 
ond. 

Test voltage between multiple 


sections: 200 percent of rated d-c 
voltage for a period of one second. 

If capacitors are not purchased 
in accordance with the specifica¬ 
tions listed above, recommended 
test values should be obtained from 
the capacitor manufacturer. If 
test voltages that are used are in 
accordance with applicable specifi¬ 


cations, if precautions are taken 
never to exceed a charging or dis¬ 
charging current of one ampere, 
and if the test voltage source re¬ 
mains connected to the capacitor 
under test throughout the test, 
there will be little trouble from 
damage or failure of properly de¬ 
signed and constructed capacitors. 


Curve-Tracer for Acoustic Devices 

Quality control over full-scale production output of handset receivers is obtained through 
the use of a powered-sweep bfo, a long persistence c-r lube, and suitable test fixtures 

By R. K. NELLMANN 


• cpUSTiCAL DEVICES such as tele- 
JnLpbone handset receivers, loud¬ 
speakers, and microphones are now 
manufactured in accordance with 
performance specifications which 
call for a predetermined output- 
versus-frequency curve with com¬ 
paratively narrow tolerance limits. 
In order to control production qual¬ 
ity it is necessary to check the per¬ 
formance of each unit produced. 

Among the various methods of 
recording a test curve the semi¬ 
permanent trace obtained with a 
cathode-ray tube of long screen 
persistence was found the most 
practical solution. A curve traced 
in this manner with a relatively 
slow sweep can be made visible 
between 3 and 15 seconds, which is 
long enough to produce the impres¬ 


sion of the complete diagram, and 
short enough to cause no interfer¬ 
ence with a subsequent curve. 

The curve tracer described here 
is based on this recording prin¬ 
ciple of operation.lt has withstood 
the rough treatment on the assem¬ 
bly line over a period of five years 
while testing well over a million 
units justifies this report. 

Operation of the curve tracer is 
shown in the block diagram in Fig. 
1. The device under test is fed from 
a beat-frequency oscillator whose 
frequency is varied by a mechanical 
drive. The same drive also actu¬ 
ates a potentiometer which con¬ 
trols the horizontal deflection of the 
luminous spot in the cathode-ray 
tube. The device under test may 
be, for instance, a handset receiver. 



FIG. K—Curv« tractr Include! these 
units. Artilieial ear Is a crystal or 
copadtor microphone 
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FIG. 2—^D«toUi of driro circuit. Com and contact arrana«in*nt ootobllihos 
•tart and itop positioning of mechanical train 


It is coupled to an artificial ear. 
The output of the latter is ampli¬ 
fied, rectified, and applied to the 
vortical deflection plates of the 
oscilloscope. 

Frequency Sweep 

The mechanical drive affords 
automatic scanning* and consists 
of a reversible a-c motor with 
double gear reduction. On the 
slow shaft is a coupling device 
which, in the engaged position, con¬ 
nects the motor drive by means 
of a pretensioned metal belt with 
the pulley on the beat-frequency 
oscillator. Also on the slow shaft 
is a cam which operates two adjust¬ 
able sets of contacts. 

Figure 2 illustrates the operation 
of the drive circuit. When the 
starting button is pressed, the 
armature of the motor is energized 
through the contacts of the hold¬ 
ing relay so the motor moves for¬ 
ward, starting the frequency sweep. 
When the cam opens the adjust¬ 
able end contact, the holding relay 
releases and reverses the motor. 
This moves the beat-frequency 
oscillator toward its starting fre¬ 
quency. 

Near the rest position, a cam- 
operated switch opens the armature 
circuit and stops the motor. If 
the inertia of the armature should 
carry the cam beyond the range of 
this rest position a second contact 
on the same adjustable arm closes 
and makes the motor rotate in a 


forward direction until it comes 
to rest between the two contacts. 

When the end contact in the 
forward direction opens, a quick- 
acting relay lifts the bias of the 
cathode-ray tube. The bias is 
normally sufficiently negative to 
blank out the beam. In this manner 
a trace is produced on the screen 
only during the forw^ard sweep. 
Since current density in the spot 
and accelerating voltage are high 
to make the afterglow of the trace 
last a long time, this precaution 
is necessary to prevent burning of 
the screen with a stationary spot. 

Provisions are made to operate 
the drive and the frequency-deter¬ 
mining potentiometer by hand so 
details of the diagram can be re¬ 
traced. To this end the coupling 
device on the slow motor shaft can 
be pressed inward to disengage the 
metal belt from the shaft of the 
drive and the associated cam. How¬ 
ever, engagement with the potenti¬ 
ometer which controls the horizon¬ 
tal beam displacement is retained. 
When released, an arrangement of 
spring pins relocates the oscillator 
control at the starting frequency 
as determined by the adjustable 
contact arm. 

Since manual operation does not 
energize the holding relay the cut¬ 
off bias must be lifted in that case 
by pressing a button marked 
'Manuar. 

Potentials at both ends of the 
sweep potentiometer can be ad¬ 
justed by two separate controls so 
the frequency range of the sweep, 


as set by the adjustable cam con¬ 
tacts, can be spread out to any 
desired length on the screen. 

It will be realized that the curve 
tracer as a production testing 
device is only as practical as the 
auxiliary apparatus and fixtures. 

Figure 3 shows the test fixture 
and circuit of a handset receiver. 
Since the cavities in the molded cap 
of the handset establish the shape 
of certain parts of the response 
curve, the test fixture consists of 
a handset with a special cap that 
is quickly detachable by means of 
a bayonet lock. A spring holds the 
unit against the coupler of the arti¬ 
ficial ear with the prescribed pres¬ 
sure of 1 kilogram and also holds 
it safely in the loading position. 
The receiver under test is con¬ 
nected to the low-impedance output 
of the beat-frequency oscillator 
through a resistance equal to the 
nominal receiver impedance at 1000 
cycles, and the voltage is adjusted 
at the same frequency so 1 mw is 
delivered to the receiver. 

A crystal microphone made by 
Ballantine Laboratories and equip¬ 
ped with a coupler of approximately 
12 cu cm has been found highly 
suitable for this application. 

In order to stabilize the receivers 
magnetically a cam transfers the 
receiver leads momentarily to the 
source of stabilizing current during 
the closing of the handset arm in 
the fixture and restores them to the 
audio voltage just before the re¬ 
ceiver seats itself on the coupler. 



ImmAmH seoeivwf 
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FIG. 4—^Duplm fixtur* tMti two ro- 
colTon of a hoadsot ot once. Circuit is 
■howa la Fig. 5 


A somewhat more elaborate fix¬ 
ture is illustrated in Fi^. 4. It 
accommodates the two receivers of a 
headset and is therefore equipped 
with two artificial ears. These are 
mounted on a support plate which 
can be lowered bv a foot lever for 
loading. The receivers are placed 
in positioning recesses in the load¬ 
ing platform. When the pedal is 
released the ears are lifted by a 
spring which presses their couplers 
against the receiver units and the 
individual loading weights. 

When used for testing high- 
impedance headsets of the resonant 
type, this fixture is associated with 
the circuit shown in Fig. 6. This 
was developed in accordance with 
the observation that sufficiently 
informative curve-tracer diagrams 
are obtained if both receivers, 
coupled to their respective ear cavi¬ 
ties and connected in series, are run 
together. The output of each ear 
can be connected to the curve tracer 
input by means of switch T. 

The data to be checked are the 
frequency and amplitude of the 
resonance peak, its width at 6 db 
down, and tfie impedance at peak 
output. Measuring the latter is at 
the same time an insurance that the 
output measurement in series con¬ 
nection does not introduce errors 
due to uneven voltage distribution. 
The test circuit can accordingly be 
arranged to provide four conditions 
which are selected by means of a 
8-dedc, imposition switch, S. 


After placing the headset in the 
fixture the operator proceeds as 
follows: position 1 of the main 
switch S is a calibrating position. 
Voltage Et is adjusted at 1000 
cycles to a standardized value, and 
a fixed small fraction is fed directly 
into the curve tracer input whose 
gain is then adjusted against a 
calibrating mark on the screen. 

In position 2, one-half of the 
standardized input is fed to the two 
receivers in series and the reso¬ 
nance peak is noted. Immediately, 
the curve is repeated with full input 
voltage in position 3. The location 
and magnitude of the main reso¬ 
nance can be noted as well as its 
width at a level 6 db below the 
peak, which will still be visible 



FIG. 5—H«ods«t r«c«lT«rt or* t*Bt*d in 
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faintly from the trace taken in posi¬ 
tion 2. 

By switching S to position 4 a 
comparatively small measuring re¬ 
sistance R is inserted into the cir¬ 
cuit and the potential drop across 
it connected into the curve-tracer 
input. The resulting curve repre¬ 
sents EiR/Z and can, as R and 
Ei are constant, be interpreted in 
terms of Z as a function of fre¬ 
quency. It is particularly con¬ 
venient to read impedance at the 
output peak frequency, which has 
been set as a specification require¬ 
ment. 

When it comes to testing high- 
fidelity receiver units whose output 
level must be kept within narrow 
limits and is to be determined in 
terms of absolute sound pressure, 


the crystal microphone is no longer 
used. 

Figure 6 shows a production line 
fixture using a Western Electric 
640-A capacitor transmitter with a 
6-cu-cm coupler, preamplifier and 
power supply. 

The fixture is combined with a 
demagnetizer which reduces the 
initially fully-charged receiver mag¬ 
net to a value indicated by the 
curve-tracer diagram. 

The U-shaped laminated yoke of 
the demagnetizer is excited with 
60-cycle a-c and can be lifted by 
means of a hand lever to expose the 
receiver magnet to a stronger or 
weaker alternating field. In the 
lowest position the exciting wind¬ 
ing is disconnected. 

For use with this fixture the 
standard curve tracer was modified 
slightly. The bias of the cathode- 
ray tube was adjusted so that a 
faint spot was normally visible 
instead of completely cut-off. The 
clutch mechanism was provided 
with a detent at the 1000-cycle point 
in the disengaged (manual) condi¬ 
tion. 

With this arrangement the first 
test operation is to set the sweep 
frequency by hand to 1000 cycles 
and adjust the input voltage Ei 
so that the light pointer hits the 
zero-db level marked on the screen 
(see also Fig. 7B). The calibrated 
voltmeter will then indicate, in db 
above a reference level, the sound 
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pressure developed by the receiver 
under test. By gradual demagneti¬ 
zation, response can be brought 
between limits marked on the volt¬ 
meter dial. 

The clutch is subsequently re¬ 
engaged to the lower starting fre¬ 
quency and the sweep with a bril¬ 
liant trace is initiated by pressing 
the starting button. The curve will, 
of course, go through zero at 1000 
cycles and therefore represent 
deviation from that point. 

To facilitate rapid interpretation 
of the diagrams produced by the 
curve tracer, the screen markings 
deserve special attention. Figure 7 
illustrates three t 3 rpea of markings 
used. 

Lines and symbols are usually 
drawn directly on the outside of the 
screen. The choice of a particular 
marking scheme depends, of course, 
largely on the test specifications. 
In Fig. 7A for example, which 
shows the pattern obtained with 
the fixture of Fig. 3, it was possible 
to describe the tolerances of the 
output curve simply by an upper 
and lower limit. The shaded areas 
were painted red so parts of the 
ordinarily bluish-green trace 
changed to that color as soon as 
they exceeded the permissible 
limits. It would be conceivable to 
utilize this for an automatic rejec¬ 
tion feature by placing in front of 
the screen a phototube which has 
been made selectively responsive to 
red by suitable filters. 

The two dashed frequency lines 
serve as calibration points for fre¬ 
quency adjustment, and the hori¬ 
zontal markings serve for gain 
adjustment by means of a standard 
unit. 

In Pig. 7B, the curve will 
always go through the intersection 
of the 1000-cycle line and a zero-db 
horizontal. Again a number of 
calibration markers can be seen. 
Due to higher accuracy required 
with this test, the width of the trace 
had to be considered. Unless push- 
pull deflection amplifiers are used, 
the diameter of the luminous spot is 
likely to vary from one end of the 
curve to the other. If this is the 
case, the lines denoting the limits 


should be corrected so that the in¬ 
terference between any part of the 
spot and the limit line is not accept¬ 
able. To use for this purpose the 
imaginary center of the spot was 
generally found unsatisfactory in 
practice. 

In Fig. 7C still another method 
of marking is indicated. A number 
of taut black wires are placed 
across the screen to denote such 
values as minimum amplitude and 
frequency limits. This method is 
particularly convenient for small 
production runs. 

Referring to Fig. 7, a few typical 
clues to production faults as indi¬ 
cated by the curve tracer can be 
seen. In the high-fidelity receivers, 
Fig. 7A and 7B, the slight hump 
at about 2000 cycles is controlled 
by an acoustical coupling resistance 
which connects two cavities inside 
the receiver. 

If this resistance is produced by 
a piece of silk, its porosity must be 
kept in a prescribed relation to the 
volume of these cavities to produce 
a flat response curve. Too little 
porosity will result in a pronounced 
peak in the curve, too much, in a 
dip. If the silk breather has come 
loose, this is usually revealed by a 
rake near the top of the hump. 

The peak near the high frequency 
end is caused by acoustical cavities 
between the diaphragm and the ear¬ 
piece of the receiver. In this space 
a moisture guard in the form of a 
thin diaphragm is usually placed. 
Slackness of this membrane may 
modify the shape of this peak con¬ 
siderably and it is therefore impor¬ 
tant to control its tension carefully. 
The shape of output curve in this 
region reveals to the skilled oper¬ 
ator the nature of the required 
correction. 

In the response curve shown in 
Fig. 7C the location and height of 
the resonance peak is influenced 
largely by the condition of the mag¬ 
netic diaphragm. One of the com¬ 
mon faults indicated by a shift in 
the resonance peak is distortion of 
the seating surface caused by insuf¬ 
ficient lapping or faulty clamping. 
The degree of sag due to magnetic 
attraction determines the effective 


air gap of the receiver and is there¬ 
fore revealed in both the output 
and impedance curves. Likewise 
the degree of magnetization can be 
determined. 

Obviously there are many prob¬ 
lems in quality control of acoustical 
devices where testing by the curve 
tracer can be applied advantage¬ 
ously. These include production 
testing of loudspeakers and radio 
receivers. For testing the latter, 
the sweep frequency generator can 
be used to modulate the signal gen¬ 
erator, and the demodulated signal 
as picked off the voice coil of the 
receiver under test could be used 
for vertical deflection. Such a test 
would take only a few seconds but 
might present a better picture of 
the audio performance of a receiver 
than methods presently used. 
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Tube-Seasoning Timer 

Versatile unit for controlling the time schedule of cathode-ray tube seasoning 
racks up to 55 minutes. Various numbers of tubes can be seasoned on different runs 


M any methods can be evolved 
for controlling the time sched¬ 
ule on cathode-ray tube seasoning 
racks, depending only on the ingen¬ 
uity of the design engineer. Our 
company developed and has used for 
some time a satisfactory system. 

Accuracy of time periods is not ex¬ 
tremely critical and a spring-driven 
timer was found quite adequate for 
the job. The one we used was made 
by Walser Automatic Timer Co. Fig- 


By M. SILVERMAN 

ure 1 shows the diagram of connec¬ 
tions. 

The switching arrangement throws 
resistors in and out of the heater cir¬ 
cuit to change heater voltage. Minor 
variation in the number of tubes on 
the rack for different runs is no 
serious problem. A complete load of 
20 tubes is standard practice. How¬ 
ever, absence of one or two tubes 
from the rack does not affect current 
drawn through Rt and Rt materially. 


Voltage drop across the resistors is 
practically unchanged. 

Switches can be adjusted either to 
open or close a circuit after a prede¬ 
termined time interval. To start, 
proper settings are applied to all 
timers. This leaves the rack as shown 
in the diagram, with the a-c line con¬ 
nected and, in a typical cathode-ray 
tube test, with 11 volts impressed 
across the heaters. Operation then 
proceeds as follows: 

1 Opens after 10 minutes; Throws 

in Ri and lowers heater volt¬ 
age to 10 volts 

2 Closes after 10 minutes; Turns 

on Ax, At, and deflection 
plates 

8 Opens after 45 minutes; Low¬ 
ers heater voltage to 9 volts 

4 Opens after 45 minutes; Turns 

off Ax, At, and deflection 
plates 

5 Closes after 45 minutes; Turns 

on grid 

6 Opens after 55 minutes; Turns 

off a-c line 

This type of timer is extremely 
versatile and permits considerable 
latitude in schedule changes. 



Soldering Litz Ends 


The writer had occasion to de¬ 
sign a receiver for aircraft using 
coils of litzendraht wire. These 
coils ranged in diameter from 12 
inches, wound with litz of about 180 
strands of number 88 wire, to lit¬ 
tle fellows of i inch ID using 7/41 
litz. Over 160 coils were involved, a 
total of more than 800 coil ends, 


By EMERICK TOTH 

thousands of individ lal strands 
that must be properly tinned and 
soldered. 

Careful tests were made of the 
following three methods: 

(1) Cautious removal of the silk 
and enamel from the coil end by 
abrasion against a relatively soft 
high-speed rotary wirebrush. 


(2) Heating of the coil end in an 
alcohol or Bunsen-bumer flame and 
subsequent plunging of the hot coil 
end into alcohol. 

(8) Application of a small quan¬ 
tity of a paste of zinc chloride and 
water to the coil end and heating 
with a soldering iron, immediately 
followed by tinning with rosin-core 
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solder while the resulting zinc 
chloride and enamel mixture was 
still boiling. The silk insulation was 
burned and stripped off by a very 
short exposure to a flame, and sub¬ 
sequent wiping with a rag prior to 
application of the zinc chloride. 

Method (1) was found to damage 
individual strands excessively, and 
did not clean all strands in sizes of 
litz with many strands, such as 
70/88 and 180/38. 

Method (2) was difficult to con¬ 
trol. Insufficient exposure to the 
flame resulted in the enamel not 
cracking off when the hot coil end 
was plunged into cold alcohol. Over¬ 
heating caused individual strands 


to burn off. Even when satisfactory 
cleaning was obtained, the copper 
was left so brittle that soldered coil 
ends would break easily. 

Method (3) provides easy and 
effective tinning. The appearance 
of the tinned end was neat and clean 
after the residue of zinc chloride, 
enamel, rosin, and solder had been 
wiped off while still hot with a 
damp rag. The ease of tinning even 
180/38 litz suggested that inside 
strands were not properly coated. 
Several samples were cut in cross- 
section but all strands appeared to 
be clean of enamel and tinned. 

Samples were placed in a salt- 
spray chamber and subjected to the 


Navy's standard salt-spray test 
for two hours. It was found that ex¬ 
cept for a light accumulation of 
powdery salt the samples were in 
no way affected by the test and all 
300 coil ends were processed as out¬ 
lined in method (8) above. 

Eighteen months after delivery, 
one equipment was examined which 
had been in service in Panama for 
a year. No trace of corrosion or 
any other damage was found. 

Zinc chloride is very hygroscopic 
and should be kept in a suitable 
well-stoppered glass bottle, with 
only as much paste prepared at one 
time as is needed for a few hours 
use. 


Concentricity Tester for Enamel Film on Wire 

isr ELME, F. MIIEI 


An Electronic Circuit which makes 
it possible to measure the thickness 
or concentricity of enamel insulation 
on a sample of magnet wire in about 
one minute is described by Elmer 
F. Hansen in the Nov. 1942 issue of 
General Electric Review, The sample 
of wire is inserted in a turning 
chuck and placed over two brass 
plates mounted end to end in the 
same plane. An insulating block ap¬ 
plies pressure to hold the wire flat 
against the plates. This gives two 
capacitances in series between the 
brass plates; the copper wire is the 
common conductor and each brass 
plate serves as a conductor, with the 
film of enamel acting as the princi¬ 
pal dielectric for each capacitance. 
This series connection eliminates the 
necessity for scraping off insulation. 

Changes in film thickness change 
the capacitance over a range of 5 
to 7 /x/if for an average wire samples 
with varying degrees of concentric¬ 


ity. This change is measured by 
connecting the brass plates to the 
grid and plate circuits respectively 
of an oscillator, as shown in Fig. 1. 
An increase in film thickness causes 



Fig. 1—Basic •lactroaic circiUt lor mooiur. 
Ing tho thlcknon of onomol iasukition on 
wire at production tpoods 


a decrease in the connected grid- 
plate capacitance and an inversely 
proportionate increase in the d-c 
plate current of the oscillator. The 
deflection of the plate current mil- 
liammeter 3f, was found by test to 
be a linear function of film thickness. 

A calibration in terms of the ratio 
of maximum to minimum film thick¬ 
ness was found more suitable for 
)roduction testing because it remains 
accurate regardless of normal 
changes in circuit parameters with 
age, and is also independent of 
slight changes in oscillator fre¬ 
quency. In making a test, the wire 
sample is rotated to get minimum 
meter deflection, and sensitivity con¬ 
trol C, is varied until a reading of 
1.0 is obtained. The wire is then ro¬ 
tated for maximum deflection, and 
the ratio of maximum to minimum 
film thickness is read directly on the 
meter. The results are accurate to 
within about 5 percent. 
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B-H Curve Tracer for Lamination Samples 

Magnetic characteristics of laminated material can be checked in a few minutes during pro* 
duction runs to detect wrong laminations ina-f transformer or choke assemblies, using a 
special four-tube amplifier and test jig with an ordinary cathode-ray oscilloscope 

By ROBERT ADLER 


T he characteristics of the mag¬ 
netic material used in trans¬ 
formers and chokes are not easily 
measurable, and introduce a factor of 
uncertainty in the design and pro¬ 
duction of vacuum tube equipment. 

Sometimes a deterioration in the 
characteristics of some complex cir¬ 
cuit defies explanation until the 
change is traced to a change in char¬ 
acteristics of magnetic materials. 
By then, hundreds of assemblies may 
have been completed with the wrong 
laminations, and much valuable time 
may be lost. 

Apparatus for rapid and easy test¬ 
ing of magnetic materials is ex¬ 
tremely useful in such cases. But, 
to obtain such data as permeability, 
saturation, coercive force and hyster¬ 
esis loss of magnetic alloys, special 
equipment which is not easily avail¬ 
able has been necessary; and even 
with such equipment, comparatively 
large amounts of sample lamina¬ 
tions are generally needed for test, 
and the measurements take con¬ 
siderable time and effort. 


The oscillographic equipment de¬ 
scribed makes it possible to obtain 
this data with great rapidity. Com¬ 
parison checks of a number of sam¬ 
ples can be made within a few sec¬ 
onds. Initial and reversible perme¬ 
ability characteristics, or increase of 
loss with flux density can be directly 
observed on the screen when the cur¬ 
rent input to the sample is gradually 
varied—observations and measure¬ 
ments which take hours with older 
methods. 

An additional advantage of the 
oscillographic method is that it per¬ 
mits the use of extremely small 
samples. A little washer punched 
from a single lamination is all that 
is needed. Less than one millivolt, 
produced in a few turns which are 
wound around this miniature ring, 
is sufficient to provide an indication 
of flux density in the sample. On 
the other hand, little power is needed 
to saturate so small a sample, and the 
whole equipment is compact and easy 
to handle. 

The .small size makes it possible 


to run tests at elevated tempera¬ 
tures by simply placing the sample 
with its holder on a heater a few 
inches in diameter. Such an ar¬ 
rangement is particularly valuable 
for tests on alloys with low perme¬ 
ability. Some of these alloys exhibit 
a large drop of permeability at high 
temperatures, and this characteristic 
is used for temperature compensa¬ 
tion in watthour meters and other 
instruments. The equipment de¬ 
scribed here makes it easy to check 
the performance of such materials 
throughout the range of their oper¬ 
ating temperatures. 

The samples have about 4 inch 
minimum inside diameter. The ratio 
between inside and outside diam¬ 
eter should be small to maintain 
approximately uniform field intensity 
throughout the piece. A ratio of 
about 3:2 (for instance, A inch out¬ 
side and inch inside) is good 
enough for most purposes. 

Figure 1 shows a block diagram of 
the equipment. A 60-cycle current of 
low voltage and high intensity is 
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sent through a shunt resistance and 
a bar and collar arrangement by the 
secondary winding of the power 
transformer* The washer-shaped 
sample is slipped over the bar, and 
one or more turns of fine wire are 
threaded through the gap between 
sample and bar. The potential ap¬ 
pearing across the little loop is fed 
into the input of an amplifier which 
also contains an integrator. The 
output of this integrator is connected 
to the vertical plates of an oscillo¬ 
scope. The potential drop across the 
shunt is fed through a single-stage 
amplifier to the horizontal plates of 
the oscilloscope. A variable trans¬ 
former serves to adjust the primary 
voltage supplied to the power trans¬ 
former. 

At any given moment, the current 
flowing through the bar develops a 
corresponding fleld intensity in the 
sample. At the same time, a pro¬ 
portional potential is produced across 
the shunt and appears amplified 
across the horizontal oscilloscope 
plates. As the flux in the sample 
changes, a voltage is induced in the 
little loop proportional to dB/dt, 
the rate of change of the flux. To 
obtain B from this voltage, it is 
necessary to carry out a process 
opposite to differentiation; in other 
words, pass the voltage through an 
integrating network. A simple net¬ 
work of this kind is shown in Fig. 2. 
The output from the loop is fed into 
a large capacitor through a large re¬ 
sistance. The time constant of these 
two elements is large compared to one 
period of a 60-cycle wave. If E 
designates the potential produced 
in the loop, the voltage appearing 
across the capacitor is proportional 
to X Edt, Since E is proportional 
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FIG. 3—DetoiU ol the'bar end ^ollor uSed for mognetiting the sample to be 

tested 


to dB/dt, the voltage across the ca¬ 
pacitor is 

This derivation does not take into 
account various constant factors. It 
proves, however, that the output 
from the integrator stage is propor¬ 
tional to the flux density in the 
material. The proper voltage for 
the vertical oscilloscope plates must 
be obtained by selecting the right 
gain in the amplifier. 

Circuit Defniit 

The power transformer is the type 
used in small radio sets, with a pri¬ 
mary rating of approximately 40 
watts. The secondary consists of a 
single turn formed by four strips of 
copper braid, A inch wide, all in 
parallel. The open-circuit voltage 
across this secondary turn is about 
0.1 volt, and it can handle over 100 
amperes without undue drop of volt¬ 
age. At this high current intensity 
the power developed is only in the 
order of 10 watts. 

Figure 3 shows the high-current 
circuit. The same four strips of cop¬ 
per braid are used throughout to 
avoid heating. The bar is made of 
copper, 0.100 inch in diameter, sol¬ 
dered into a i inch copper plate, and 
the braided leads are soldered to this 
plate. The top portion of the copper 
bar is slightly tapered, and another 
i inch copper plate with a corre¬ 
spondingly tapered hole is used for 
the return connection. Contact be¬ 
tween bar and top plate is very good 


if the tapers are correct, and any 
heat developed in the copper rod is 
promptly dissipated into the two end 
plates. The total resistance of the 
high-current circuit is les3 than 0.001 
ohm. Up to 150 amperes, it can be 
used for short periods without undue 
heating. 

The shunt is selected according to 
the range of current required for 
the sample. In most cases it is the 
largest resistance in the high-current 
circuit. Most shunts produce a drop 
of 50 mv at full rated current, and 
a rating close to the required current 
intensity should be selected. Since 
the full voltage available is about 
100 mv, such a combination permits 
c?asy adjustment within the desired 
range. 

With an output voltage from the 
shunt of 30 mv, a gain of 30 is 
normally needed to get full deflec¬ 
tion on the scope. A .single 6SF6 
high-gain triode .supplies this gain. 

The output voltage from the little 
loop depends on the saturation flux 
and on the cross-section of the sam¬ 
ple, but in most cases it is a small 
fraction of one millivolt. The ampli¬ 
fier for the loop must therefore have 
high gain. It uses two 6SF5 triodes 
with the integrator section inserted 
between them. A detailed diagram 
of this amplifier and integrator is 
given in Fig. 4. The peculiar char¬ 
acteristics required in this amplifier 
make it somewhat unconventional, 
and therefore it is described in detail. 

It would be very difficult, even with 
the largest available by-pass capaci¬ 
tors, to keep the time constant of the 
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cathode circuits large compared to 
one period of a 60-cycle wave; there¬ 
fore, no cathode by-passes are used, 
even though the loss in gain is con¬ 
siderable. This disadvantage is 
somewhat compensated by greater 
stability of the overall gain. 

The integrator stage consists of 
a 6SJ7 pentode with a plate load of 
0.83 megohms shunted by a l-/xf 
capacitor. Under the operating con¬ 
ditions used, the internal plate re¬ 
sistance of the 6SJ7 is about 2 meg¬ 
ohms, so that the effective resistance 
across the plate capacitor is about 
0.25 megohms. The reactance of 
1 fif at 60 cycles is about 2700 ohms, 
so that the plate load is predomi¬ 
nantly capacitive, with a resistive 
component of only 1 percent. At 
the higher harmonics present in this 
channel the ratio is even better. 

The total plate and screen current 
for all four tubes is about 3 ma. 
This small amount can safely be 
taken from the rectifier which sup¬ 
plies the amplifier and sweep circuits 
in the scope. The filaments are also 
fed from the power transformer in 
the scope, which, in most cases, will 


carry this slight overload without 
difficulty. 

Large coupling capacitances of 0.1 
/if and grid leak resistances of 1 
megohm are used throughout to keep 
the low-frequency response high. It 
would be impractical to increase the 
size of these parts further, because 
small supply voltage variations with 
very low frequencies would then 
cause large vertical excursions on the 
scope. 

The phase error caused by all these 
coupling elements adds up and dis¬ 
torts the trace very strongly, unless 
means are inserted to compensate it. 
Here is an approximate computation 
of the total phase error: At 60 cycles, 
the reactance of 0.1 /xf is 27,000 
ohms; combined with a resistance of 
one megohm, the tangent of the lead¬ 
ing phase angle is: 

tan 0 rr 2700/10^ = 0.027 

This corresponds to about 1.5 deg. 
There are altogether four such net¬ 
works in the vertical channel, as¬ 
suming that similar coupling ele¬ 
ments are used in the amplifier stage 
contained in the scope. This gives 


a total phase shift of 6 deg. for 60 
cycles. At the third harmonic the 
phase shift is only 2 deg. Since the 
voltage in the vertical channel con¬ 
tains very strong harmonics, a phase 
shift of 4 deg. and more between 
fundamental and harmonics is suffi¬ 
cient to confuse the result com¬ 
pletely. 

An equalizer is therefore inserted 
in the input to the first stage of the 
vertical amplifier. It is drawn in 
detail in Fig. 6a. The function of 
the equalizing network is to intro¬ 
duce a lag inversely proportional to 
frequency. At high frequencies the 
two capacitors simply act as a ca¬ 
pacitive voltage divider without in¬ 
troducing phase shift, but at low 
frequencies part of the input current 
runs through the 4000-ohm resistor. 
Accurate phase compensation is best 
obtained by adjusting this resistor, 
since the phase shift caused by the 
scope itself is different with scopes 
of different manufacture. Directions 
for the adjustment of the phase 
equalizer are given later. It is 
interesting to note that the equal¬ 
izer also compensates a small resid- 
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FIG. 5—Equalising networks used to correct phase shift 


ual phase error produced in the 
inteirrator stage of the equipment. 

A smaller amount of phase shift is 
produced in the horizontal channel. 
The outDut voltage from the shunt 
is almost exactly a sine wave, and 
phase shift leads to a displacement 
of the horizontal time base on the 
screen, pulling the two steep por¬ 
tions of the hysteresis loop apart, so 
that the loss area appears larger. 
Equalization could be obtained by the 
same method as in the vertical ampli¬ 
fier, but the low harmonic content 
in this channel permits the use of a 
simpler network, as shown in Fig. 5b. 
Compensation with this network is 
possible only for one frequency. If 
the 60-cycle source contains strong 
harmonics, the type of equalizer 
shown in Fig. 5a should be used in 
both channels. 

Adjustment of the equalizers is 
most easily accomplished by means 
of samples, using some characteris¬ 
tics inherent in B-H curves. 

In Fig. 6, a normal hysteresis loop 
of ordinary transformer steel is 
shown (a), together with distorted 
forms resulting from incorrect verti¬ 
cal phase adjustment (b and c). 
When the equipment is first put into 
operation, curves resembling one of 
these distorted patterns are usually 
observed. By varying the input volt¬ 
age to the power transformer, no 
change should appear in the correct 
curve (a), except that the saturated 
portions (a) stretch out when the cur¬ 
rent is increased. Incorrect vertical 
phasing spreads these portions and 
makes them appear like (h) or (c). 
By adjusting the vertical equalizer, 
a trace similar to Fig. 6a can be 
obtained. With a loop containing 
long saturated portions (s), vertical 
adjustment can thus easily be made 
of extreme accuracy. 


If the current is now varied, the 
horizontal distance between the two 
.steep portions, corresponding to the 
coercive force, should not vary after 
saturation has been reached. Varia¬ 
tions, if they occur, are due to incor¬ 
rect horizontal compensation. 

To obtain accurate horizontal ad¬ 
justment, a 2-inch diameter air- 
wound coil of about ten turns is sub¬ 
stituted for the little loop, connected 
to the vertical amplifier, and coupled 
inductively with the high-current 
circuit. Care should be taken that 
no iron is present anywhere near this 
coil. Since the permeability of air is 
constant, independent of field intens¬ 
ity, a straight line appears on the 
screen (Fig. 6d) ; its slope depends 
on the voltage induced in the coil. 
Usually, a narrow ellipse (Fig. 6e) 
is obtained at first, rather than a 
single straight line. If the horizon¬ 
tal phase adjustment is now varied 
until the ellipse is reduced to a line, 
phasing is accurate and complete. 


Proefieal Dofo 

For a great number of applica¬ 
tions, comparison of the character¬ 
istics of different materials is of pri¬ 
mary interest. In these cases no 
absolute calibration of the equip¬ 
ment is necessary. 

As long as washers made from dif¬ 
ferent materials have identical di¬ 
mensions, the curves on the screen 
permit numerical comparison. Dif¬ 
ferences in thickness can be compen¬ 
sated by using a correspondingly 
larger number of turns for the little 
coupling loop on thinner pieces. For 
many materials only one turn is 
needed, and in this case, if thick¬ 
nesses are different, the vertical 
deflection is proportional to the 


thickness. The gain control on the 
scope can be used to equalize the 
calibration. 

Eddy currents flowing in the sam¬ 
ple tend to make the hysteresis loop 
appear wider, leaving the level of the 
saturated parts and the slope of the 
steep portions unchanged, but in¬ 
creasing the total area enclosed by 
the loop. With eddy current losses 
present, this area corresponds to the 
total core loss at 60 cycles, rather 
than to the hysteresis loss only. This 
is a valuable feature if total core loss 
is the object of interest, and in this 
case the sample should be of a thick¬ 
ness intended for actual use. If, 
however, the actual hysteresis loop 
and the real value of coercive force 
are required, samples of the smallest 
thickness available should be used 
to keep eddy current losses down to 
a minimum. This precaution is par¬ 
ticularly important with high-per¬ 
meability materials. 

The average diameter of the sam¬ 
ple wa.shor determines the field in¬ 
tensity H produced by a given cur¬ 
rent. Washers of different average 
diameter, therefore, require propor¬ 
tionately different currents to obtain 
the same H. If the calibration is 
to be maintained for a larger washer, 
less horizontal gain is required. The 
equipment described provides enough 
current for saturating alloys even if 
the permeability is low, provided 
that small diameters are used. 

For quick comparison, a number of 
samples can be slipped over the same 
fine wire loop and inserted one after 
the other around the copper bar. 

Haaf Rant 

The holder assembly can be 
mounted on a heater unit for meas¬ 
urements at elevated temperatures. 
This unit consists of a heavy round 
iron casting with a heater winding 
on the inside. During the measure¬ 
ments the whole assembly is pro¬ 
tected by a heat-insulating cover not 
visible in the picture. 

The photographs of the four 
hysteresis loops in this article were 
taken during such a test, using a 
sample of low permeability, with the 
temperature rising in three steps 
from 80 deg. P (largest curve) to 
200 deg. F (smallest curve). 
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To obtain permanent records, the 
curves can easily be photogrraphed 
from the screen. With a curve of 
average size on a 3-in. tube with 
green fluorescence, an exposure of 
1/50 second on high-speed panchro¬ 
matic film with an f/4.5 lens gives 
satisfactory results. The screen 
should be illuminated from the out¬ 
side just enough to make the mask 
with the calibration lines appear 
clearly on the print. 

When the current is gradually in¬ 
creased from zero beyond saturation, 
the oscilloscope shows a hysteresis 
loop slowly growing out of a single 
point into the final curve. The 
changes of reversible permeability, 
represented by the average slope of 
the trace, from its low initial value 
to its larger “operating'* value, and 
its final drop when saturation is 
approached, become clearly visible 
and measurable. 

Calibrqtion 

While the simplest way of calibrat¬ 
ing the equipment consists of the use 
of samples with known character¬ 
istics, it is also possible to apply 
voltages of known magnitude to the 
vertical and horizontal inputs and 
thus obtain an absolute calibration. 
The following formulas are useful in 
this procedure; they are accurate 
only for narrow washers, with out¬ 



side and inside diameters not too 
different, because of the error intro¬ 
duced by the assumption that the 
numerical average represents the 
true “magnetic average” diameter. 

The following symbols are used in 
the formulas: 

/ ss current througli bar in ampertis, 
rms. 

Eh. E, « voltages at horizontal and vertical 
amplifier inputs in millivolts, rms. 
'.•!). (nw) ratings of shunt in amfieres and 
millivolts. 

D,.. Dt « outside and inside diameter of 
sample in inehes. 

T 3* thickness of sample in inches, 

n s* number of turns in loop. 

H » maximum field intensity in sample 
in oersteds. 

B » maximum induction in sample in 
gausses (lines per cm^). 


The current through the bar then 
becomes 


E a 


(A) 


(mu) 

The field intensity is 
/ 


H - 0.45 - 


D. -h D. 

The induced flux density is 


= (far 60 cycle.) 

To obtain an absolute calibration, 
the peak-to-peak deflection of the 
oscilloscope per millivolt is first es¬ 
tablished for both channels. The 
relation between millivolts and mag¬ 
netic values is then u.sed to convert 
the observed deflections into peak 
values of H and B. 
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Adjustable-Bandwidth F-M Discriminator 

Use of a cathode follower in place of the pentode amplifier normally used to drive a Foster- 
Seeley discriminator provides easily adjustable bandwidth control, output-frequency 
characteristics complementary to the frequency-voltage characteristics of stabilize<l f-m 
microwave oscillators, and freedom from critical adjustments 

By W. G.TULLER and T.P. CHEATHAM^ Jr. 


I N TH£ COURSE OF research on 
communication systems, the 
need arose for a discriminator to be 
used in frequency-modulation re¬ 
ceivers having variable bandwidth. 
Almost simultaneously the mathe¬ 
matical analysis of a typical 
discriminator circuit showed a pos¬ 
sibility of constructing a discrimin¬ 
ator whose bandwidth would be 
readily adjustable by means of a 
tap switch, but whose output—fre¬ 
quency characteristics would haye 
a shape independent (in normalized 
coordinates) of discriminator 
bandwidth. 

This discriminator circuit has 
proved considerably more tolerant 
to misadjustment than conventional 
types, and has four other significant 
features: (1) the bandwidth is ad¬ 
justable over more than a four-to- 
one range by means of a single tap 
switch; (2) the normalized output 
voltage-frequency characteristic is 
independent of bandwidth; (3) the 
normalized output voltage-fre¬ 
quency characteristic may be made 
the complement of the frequency- 
modulating voltage characteristic of 
a frequency-modulated stabilized 
microwave oscillator, thereby mak¬ 
ing possible very good overall sys¬ 
tem linearity; (4) the circuit is not 
as critical to slight mistuning as 
most other discriminators (particu¬ 
larly in mistuning the primary). 

The discriminator has three com¬ 
pensating undesirable features: (1) 


one additional high-p„, tube may be 
required as compared to other 
discriminators; (2) sensitivity 
(output volts per megacycle of fre¬ 
quency deviation) is an inverse- 
squared function of bandwidth 
while peak output voltage is an in¬ 
verse function of bandwidth; (3) 
larger bandwidths are required for 
a given amount of distortion than 
in the case of the Foster-Seeley dis¬ 
criminator, 

il•ctricol CIrealf 

The circuit of a typical cathode- 
driven discriminator, given in Fig. 
1, operates in the same fashion as 
the Foster-Seeley* discriminator ex¬ 
cept for one important fact—the 
stage preceding the rectifier acts 


as a constant-voltage source (cath¬ 
ode follower) instead of a constant- 
current source (pentode amplifier). 
This in general means that the tube 
driving the discriminator may not 
give good limiting action, so that 
the circuit may have to be preceded 
by a conventional limiter. 

The coils forming the transformer 
in the cathode-driven discriminator 
may be coupled as tightly as possi¬ 
ble, since the output of the discrim¬ 
inator is proportional to the coeffi¬ 
cient of coupling between them and 
the bandwidth is independent of 
this coefficient. Circuit parameters 
given in Fig. 1 are for operation at 
a midfrequency of 60 me, and all 
data given were taken about this 
midfrequency. 



no. 1—Cathod«idrlveB dIseflalBQtar dieult. with vctlnes of eonpoaoBts lor oOBtor 
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Theory of Oporatioii 

An analysis of the operation of a 
cathode-driven discriminator is par¬ 
tially given as an incidental part 
of a published analysis' of the Fos¬ 
ter-Seeley discriminator, and the 
results of this analysis are of inter¬ 
est here. If the detectors are linear, 
the output voltage as a function of 
circuit parameters is 


Eo * yjEi 

T + 

) L 2(1 4 -g.-/'* 4 j 

( 

“ T- 

1 

. 2(1 - 1 - Qmj 


1 - . _T 

2 ( 1 + 0 ,*/™) J 


. 2 ( 1 [ 


where E% 

y 

A’l 


K 

In 

Li 

F 

B 

fm 


d-c output voltage 
rectification efficiency of 
rectifiers 

Peak r-f voltage acrods tranti- 
former primary 

fticvs/i; 

loaded Q of transformer 
•econdi^ 

coefficient of coupling 
inductance of transformer 
primary 

inductance of transformer 
secondary 

2Blfm 

deviation 

midfrequenoy 


Each radical in Eq. 1 represents 
the output of one of the two half¬ 


wave rectifiers. The expression may 
be simplified to 


TfFl 


V 


1 +« 


1 -f ■ 


V 


1 4a 


Q:F 


1 i 


(2) 


Now if the detectors are square-law 
instead of linear, the effect on Ea. 2 
is simply to remove each radical, 
leaving 


riEt l4-g»*F* 

From this expression it is appai ent 
that a plot of Eo/y\Ei(i as a function 
of QJF or, since F = 2B//„„ as a 
function of Q^B, should be independ¬ 
ent of Qj. The effect of a change in 
Q» will be to produce a proportional 
change in the peak amplitude 
reached by E^ since a depends di¬ 
rectly on Qj, and to change the 
peak-to-peak bandwidth of the dis¬ 
criminator, inversely with Q, since 
the output will be a maximum for 
a given value of QnB independent 
of Qj. The curve given by Eq. 3 is 
identical with the voltage-frequency 
characteristic of microwave dis¬ 
criminators, and hence complemen¬ 
tary to the frequency—voltage 


characteristic of a frequency-modu¬ 
lated microwave oscillator stabi¬ 
lized by such a discriminator^. As 
can be seen from a comparison of 
Eq. 2 and 3, the use of linear detec¬ 
tors instead of square-law makes 
the shape of the output-frequency 
characteristic somewhat dependent 
on the value of a, and hence on the 
Q of the tuned circuit. For small 
deviations (normalized with respect 
to peak deviation), or for coeffi¬ 
cients of coupling less than unity, 
the difference between linear and 
square-law rectifiers is negligible. 

The results obtained from the cir¬ 
cuit of Fig. 1 are shown graphically 
in Fig. 2 and 3. Figure 2 is a nor¬ 
malized plot of the output voltage— 
frequency characteristic of the 
cathode-driven discriminator for 
various loadings, in comparison 
with two curves taken at different 
loadings on a Foster-Seeley dis¬ 
criminator. The shape of the char¬ 
acteristic of the Foster-Seeley dis¬ 
criminator is a critical function of 
loading and coupling, optimum 
damping being somewhere between 
the no-load condition (circuit losses 
correspond to 3,200-ohm shunt re¬ 
sistor) and loaded condition (equiv¬ 
alent shunt resistance of 760 ohms) 
in the case studied. The normalized 
curves for the cathode-driven dis- 



riG. 2 —Voltag»>lr«liu*nc7 charact*risticft of convenlioaol 

and cathodn^rivnn Fofter<Sa0l«y discrimincrtort. showing that tho 
cathods-driven discriminator is indepsndsat of loading 


FIG. 3 (bslow)—Voiiation of bandwidth*lood product with 
wldth for cathodo-drivoB discriaincilor, showing how tireutt loessi 
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criminator, however, are independ¬ 
ent of loading within experimental 
error, as shown in Fig. 2. 

Figure 3 is a plot of the product of 
the bandwidth and load resistance 
as a function of the bandwidth. 
(Table I is included for supplemen¬ 
tary data not included in Fig. 3.) 
If the circuit Q were infinite, so 
that all losses were supplied by the 
loading resistor, this curve should 
be a straight line parallel to the 
abscissa since in this case Qa = 
a)L/?. Therefore i?Au,, where Au, 
is peak-to-peak bandwidth, should 
be independent of E or Au,. 

In practice, circuit losses provide 
a lower limit to the obtainable band¬ 
width. In the case investigated this 
came at 1.7 me, equivalent to a 
shunting resistance of 3,200 ohms. 
This resistance was assumed to be 
included in parallel with the various 
load resistors. 

The resistance of the parallel com¬ 
bination was computed for each 
case and a new curve plotted 
using the calculated resistance as 
the load. As is seen in Fig. 3, the 
resulting curve is within experi¬ 
mental error a straight line parallel 
to the abscissa. The load resistors 
used were measured at d-c rather 
than 60 me, so that the a-c resist¬ 
ance of the highest-resistance units 
might be expected to be relatively 
lower than the a-c resistance of the 
lower units because of the Boella 
effect. This might explain the drop¬ 
ping off of the experimental points 
for small bandwidths. 

Adjustment of the cathode-driven 
discriminator to give symmetrical 
curves was considerably easier than 
adjustment of the Foster-Seeley dis¬ 
criminator in all cases. This was 
especially true with respect to pri¬ 
mary tuning in obtaining a sym- 

Inasmuch as tile cathode-driven 
discriminator is easy to adjust and 
not critical as to coupling coefficient, 
one might wish to use it in the de¬ 
tection of frequency-modulated sig¬ 
nals from some linearly modulated 
source such as a broadcast station. 
In this application one is interested 
in the nonlinearity of the circuit, 
which will be somewhat greater 
than that of the Foster-Seeley dis¬ 
criminator. 


Figure 4 shows the amplitude of 
the various important harmonic 
components in the output of the 
cathode-driven discriminator as a 
function of the ratio of deviation of 
incoming frequency to peak-to-peak 
bandwidth of the discriminator. 
These curves are an extension of the 
ones given previously in an analysis 
of microwave discriminators,® the 
extension having been carried out 
l)y twelve-point schedule analysis. 
As is shown by these curves, the 
peak-to-peak discriminator band¬ 
width must be five times the peak- 
to-peak deviation for 1 percent 
third harmonic distortion or 2.5 
times the peak-to-peak deviation for 
5 percent third harmonic distortion. 
These figures compare with the 1.7 
ratio ordinarily used in commercial 
frequency - modulation receivers. 
The curves given apply for square- 
law detectors. If linear detectors 
are used, the ratio of 2.5 may be 
dropped to 2.1 for critical coupling. 
Distortion is always less with linear 
than with square-law rectifiers in 
this discriminator, but is somewhat 
dependent on coupling at high de¬ 
viations. 


TABLE I—Effect of Load 
Resistance on Bondwith 


Physical 

Actual 


Load 

Shunt 


Resistor 

Resistance* 

AVp 

(ohms) 

(ohms) 

(me) 

00 

3,200 

1,7 

87,000 

3,000 

2.0 

12,000 

2,530 

2.5 

5,000 

1,950 

3.0 

3,000 

1,550 

4.0 

1,500 

1,020 

6.0 

1,000 

760 

7.6 

* Corrected 
resistance. 

for 3,200 ohms 

circuit 


This paper is based in whole or in 
part on the work done for the 
Office of Scientific Research and De¬ 
velopment under Contract OEMsr- 
262 with the Massachusettts Insti¬ 
tute of Technology. 
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Single-Stage F-M Detector 

Operating principles of a circuit that uses a special heptode tube arranged as an oscillator 
and phase detector. Output at full deviation is twenty volts, peak to peak, and response 
to amplitude variation is fifty db less than to frequency change 


T HK art ha8 long had at its 
command a number ot excellent 
single-stage circuits which very 
closely approximate the ideal ampli¬ 
tude-modulation detector, so con¬ 
structed and arranged as to be 
highly responsive to variations in 
carrier-wave amplitude but not at 
all responsive to carrier-frequency 
deviation. It was concluded that 
further development of f-m methods 
and systems was being greatly im¬ 
peded by the lack of a comparable 
tool in the frequency-modulation 
art. Accordingly, efforts were di¬ 
rected to the development of a 
single-stage frequency-modulation 
detector, so constructed and ar¬ 
ranged as to be highly responsive 
to carrier-frequency deviation, but 
not at all responsive to carrier- 
amplitude variations. 

The f-m detector to be described 
is responsive directly, and solely, 
to the frequency deviation of the 
received carrier signal. In prac¬ 
tice, the full capabilities of the cir¬ 
cuit are efficiently realized by the 
u.se of a special heptode tube having 
high transconductance and sharp 
cutoff characteristics together with 
shielding of the grid number 3 
from other tube elements. 

The minimum i-f input signal 
required to operate the detector is 
approximately one-half volt rms for 
full deviation, the voltage required 
varying linearly with deviation. 
The relation between the frequency 
deviation of the applied carrier 
wave and the audio output voltage 
is linear up to the limit of the de¬ 
tector characteristic, where a sharp 
break occurs. The output for full 
76 kilocycle deviation is approxi¬ 
mately 20 volts, peak to peak. The 
response of the circuit to amplitude 
variation is negligible and, with 


By WILLIAM E. BRADLEY 

attention to shielding, is normally 
no to 60 db loss than the f-m re¬ 
sponse. 

A c ircuit diagram of the detector 
i'' shown in Fig. 1. The essential 
parts are the heptode tube and two 
tuned circuits reactively coupled. 
The output of the i-f amplifier is 
applied to one of the two control 
grids of the heptode, shown as grid 
3, and audio is derived from the 
plate current of the tube. 

Fundamenfol Circuit 

One of the two tuned circuits is 
connected to the first grid of the 
heptode, while the other is con¬ 
nected to the heptode plate. Both 
tuned circuits are tuned approxi¬ 
mately to the intermediate fre¬ 
quency, and the plate tuned circuit 
is damped so as to have a band¬ 
width approximately six times that 
of the useful deviation band. 

The portion of the diagram 
shown dotted is a neutralizing cir¬ 
cuit which may be used to remove 
the disturbing effects of capaci¬ 
tance coupling from grid 3 to the 
heptode plate. If the layout of 


wiring is reasonably good, no neu¬ 
tralizing is needed. 

Because of feedback of energy 
from the electron stream to the 
input grid, it is desirable to drive 
the detector from a source of fairly 
low impedance. Thus a step-down 
transformer (having an effective 
turns ratio of about three to one) 
is ordinarily used at the input. 

The first three elements of the 
tube, together with the tuned cir¬ 
cuit comprise an oscillator. Since 
the screen is bypassed to ground, 
oscillator voltage appears on grid I 
and the cathode. The oscillator 
operates class C, so that the space 
current through the heptode con¬ 
sists of a series of pulses. It is 
highly desirable that the pulst* 
duration be .short compared to the 
time interval between pulses. 

Phase Relation 

The second control grid (3) of 
the heptode causes the tube to func¬ 
tion as a phase detector. The 
proportion of a space current pulse 
reaching the plate of the heptode 
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depends on the potential of this 
control grid at the instant of arrival 
of the pulse. This instantaneous 
control voltage in turn depends on 
the sum of the bias and the incom¬ 
ing signal voltage, which may add 
to or subtract from the bias, de¬ 
pending on the phase relation be¬ 
tween the oscillator and the 
incoming i-f signal. 

The fundamental component of 
the resulting plate current is fed 
back to the oscillator through a 
tuned phasing circuit, which is re- 
actively coupled to the oscillator 
tank. The adjustment of this 
phasing circuit is such that the 
effect of the feedback is reactive. 
When this is done, variations in 
plate current cause pure frequency 
modulation of the oscillator without 
any variations of loading to the 
first order, in other words, without 
changing the amplitude of the 
oscillator signal. 

The phase of the feedback is 
unaffected by the incoming signal 
on the second control grid (grid 8). 
If the pulses of plate current 
through the tube are short, the 
incoming signal can only modify 
their magnitude, not their phase. 

The oscillator circuit is shielded 
from the direct action of the incom¬ 
ing signal, so that the frequency 
of the oscillator is determined 
wholly by its fixed constants and 
the fundamental component of the 
heptode plate current. The circuit 
is so adjusted that, with no input, 
the oscillation is at center fre¬ 
quency. Provided that the phasing 
circuit is damped so as to be non- 
critical with regard to frequency, 
and so long as the oscillator has a 
constant amplitude, the variation 
of frequency as a function of plate 
current is linear. 

Because the plrfte current con¬ 
sists of a train of pulses, it follows 
that the mean value of the current 
over any one cycle is substantially 
equal to one-half of the peak value 
of the fundamental component. This 
is true for any wave form of this 
type, and it does not depend on the 
exact shape of the pulse, provided 
only that the pulses be fairly short 
compared to the interval between 
pulses. 


Oteillafor Locks in Photo 

The phase of the incoming signal 
with respect to the oscillator, by 
affecting the plate current magni¬ 
tude, affects the oscillator fre¬ 
quency. This causes the phase 
relation to change, tending toward 
an equilibrium phase relation. It 
follows that the oscillator locks into 
a nearly fixed phase relation with 
the incoming signal. The oscillator 
frequency is consequently the same 
as that of the signal. But the 
oscillator frequency is directly pro¬ 
portional to the fundamental com¬ 
ponent of plate current, which alone 
governs it, so that this plate- 
current component must vary 
linearly with signal frequency 
deviation. 

Finally, from the fact that the 
mean plate current is proportional 
to the fundamental component, it 
can be concluded that the mean 
plate current varies linearly with 
the signal frequency. 

Put somewhat differently, if the 
fundamental component of plate 
current were not directly propor¬ 
tional to signal frequency, then the 
oscillator would not remain locked 
in phase with the signal. But it has 
been noted that there is a strong 
tendency for the oscillator to seek 
an equilibrium phase relation with 
the signal, so that as long as the 
incoming signal is strong enough 
to cause the oscillator to lock in, 
then the plate current must be 
proportional to signal frequency. 

Effect of Siqnol 

If the oscillation frequency of the 
detector, in the absence of signal, is 
at the center of the i-f band, and 
if a signal is applied at this fre¬ 
quency, then the oscillator must 
adjust itself to be in quadrature 
with the incoming signal. Only at 
the instant that the incoming sine 
wave passes through zero can a 
pulse of plate current pass through 
the tube without being either in¬ 
creased or decreased in size by the 
effect of the signal voltage, which 
would change the phase back 
toward quadrature. There are two 
such instants in each Incoming 
signal cycle but only one corres¬ 


ponds to a stable lock-in condition, 
the other in effect repelling the 
pulse in phase until it moves to the 
stable condition. This situation is 
shown in Fig. 2A. 

The manner in which the size of 
the plate current pulses vary with 
the relative phase difference be¬ 
tween the oscillator and incoming 
signal is shown in Fig. 2B and 2C. 

If the signal frequency changes 
to a new value within the i-f band, 
the phase slowly changes until a 
new plate current is established, 
which is consistent with the new 
frequency. With a large signal, only 
a very small phase variation be¬ 
tween oscillator and signal is re¬ 
quired to reach the new equi¬ 
librium; with weak signals, the 
variation of phase is greater. If 
the signal is too small and the fre¬ 
quency deviation too great, no phase 
may exist at which the instanta¬ 
neous grid potential is sufficiently 
different from the bias potential to 
produce the required plate current, 
and the oscillator will fall out of 
synchronization. The signal 
strength required to maintain syn¬ 
chronization varies directly with 
deviation. 

If, while the frequency is off 
center, the amplitude of the incom¬ 
ing signal is varied, the only effect 
is that the oscillator phase read¬ 
justs itself continuously to main- 



FIG. 2—-Vartotloa of plote-evnmt pidi# 
due to phase dUlerenee of otdllater and 
liiooadae 
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FIQ. 3—Adlttitmaat of tho phaiing circuit 
producM thoso cunrog of ploto curront 
plottod ogoinit froquoncy 


tain the plate current demanded by 
the frequency. 

Thus, the circuit functions as a 
detector with an extremely linear 
response to frequency modulation 
and with no response of the mean 
plate current to amplitude modula¬ 
tion, provided that the incoming 
signal is sufficiently large to syn¬ 
chronize the oscillator. 

The shape of the plate current 
vs. frequency characteristic is 
shown in Fig. 3 for various adjust¬ 
ments of the phasing circuit; in 
Fig. 8A the circuit is adjusted for 
quadrature, while Fig. SB and SC 
show the effect of mistuning. It is 
worthy of note that the correct 
adjustment does not give the 
maximum lock-in range for a 
given input signal. The slightly 
detuned adjustment of Fig. SC 
gives somewhat greater lock-in 
range. 

A«M Rttposte 

An extremely small response to 
amplitude modulation may remain 
due to the presence of stray coup¬ 
ling between the input signal and 
the oscillator. This coupling is 


mainly capacitive and is composed 
of stray wiring capacity plus inter¬ 
electrode capacitance from input 
grid to other tube elements. Fy 
special design-precautions, the tube 
interelectrode capacitance has been 
made very small. In practice, it is 
essential to adjust the circuit pri¬ 
marily for linearity, relying on 
correct design and wiring layout 
to eliminate extraneous effects. 

The neutralizing circuit (shown 
dotted in Fig. 1) consisting of a 
blocking capacitor in series with a 
nearly self-resonant choke, can ef¬ 
fectively remove the residual re¬ 
sponse to amplitude modulation 
when it is uneconomical further to 
reduce stray capacitance. This has 
not been found to be noticeably 
better under field conditions, how¬ 
ever, since the unneutralized circuit 
has negligible amplitude modulation 
response. 

MathMafieol Analytli 

In exact mathematical analysis, 
the operation of the complete de¬ 
tector circuit even for steady state 
conditions is quite complex, involv¬ 
ing the algebra of coupled circuits. 
Hence, the outstanding traits of the 
arrangement tend to be obscured 
by details of analysis. 

The equivalent circuit shown in 
Fig. 4 is analytically much more 
clean cut and over a considerable 
range of frequency is equivalent to 
the actual circuit. This is true 
because, although the actual detec¬ 
tor has two tuned circuits instead 
of one as in Fig. 4, the phasing cir¬ 
cuit is very heavily damped, so that 
its bandwidth is approximately six 
times that corresponding to the 
maximum deviation expected. 
Hence, this circuit reflects a sub¬ 
stantially unchanging loading and 
detuning into the oscillator in the 
relevant frequency range, while it 
shifts the plate current feedback 
phase through 90 degrees. 

Using the circuit of Fig. 4, it is 
easy to show how the circuit ignores 
amplitude modulation and why its 
detection characteristic is in¬ 
herently linear. 

The negative conductance re¬ 
flected by the tube in Fig, 4 across 
the tuned circuit is •—o/k/Fi = 6, 


where Ex is the peak voltage across 
the tuned circuit, a is the effective 
stepdown turns ratio of the oscil¬ 
lator coil, and h is the fundamental 
component of cathode current, i*. 

It is a good approximation to rep¬ 
resent the plate current as a func¬ 
tion of ik and e,, the instantaneous 
voltage on the second control grid, 
by the expression ip = iuF{et), 
where F{e^) is a function shaped 
somewhat like an integral sign. 

The second control grid voltage is 
made up of the sum of a fixed bias 
and the sinusoidal incoming signal 
of magnitude Ep, Then -f 

cos -f- where Et and 
are functions of t varying slowly 
with respect to cos wof. 

F(c«) may be expanded in a Tay¬ 
lor's series about e. = E^, and terms 
beyond the second neglected. This 
approximation turns out to be ra¬ 
ther good because of the fact that 
in normal operation u is zero ex¬ 
cept for a short time during which 
Ca is within a half volt or so of 

F(ei) « F(Ei6) F\Evi) Etom (wo/ -f" 

The cathode current pulses occur 
at the time when the voltage on the 
first control grid is at a maximum. 
This voltage is of the form Cx = Ei 
cos (u)„t -f It maximizes 

when a)»f = — so that the mean 
effective value of F(e,) during the 
occurrence of the current pulse is 



writing, for brevity, Fp and F' for 
F(Ev^) and F'(Eto) respectively. 

Then the magnitude of the funda¬ 
mental component of plate current 
can be expressed as a function of 
magnitudes and phases of signal 



no. 4—Qfcttlt of ng. 1 carraagod for 
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and oscillator voltages as follows: 

Ip « + l^,)l 

The above expression specifies the 
magnitude of I,. The phase of /, is 
substantially in exact opposition to 
that of the oscillator, due to the nor¬ 
mal phase inverting action of the 
tube and the inability of the incom¬ 
ing signal appreciably to change the 
timing of the pulses of current. 

The quadrature network, Q, rep¬ 
resents the effect of the actual phas¬ 
ing circuit. It is here represented 
as merely applying to the oscillator 
from a high impedance source a 
current proportional to Ip but 
changed in magnitude by a factor 
H and shifted in phase with respect 
to the oscillator voltage by an 
amount 0. 

The admittance which this cur¬ 
rent reflects across the tuned circuit 
is the ratio of the current to 

XT — H /* [Ft -f- F' Et cofl (*i>t ^)1 

^ “ Bi 

The conductance across the tube 
contributed by the oscillator ele¬ 
ments, as noted above, is G = 
— ah/Ei* The admittance of the 
tuned circuit alone is Yi = Pi -f joiC, 
-f- l/;wLi. Near resonance this can 
be represented approximately by 

= gi + ;2 C((d — cDi),.where u>i 
is the resonant frequency of the 
tuned circuit alone. 

For steady oscillation, the total 
admittance across the tuned circuit 
must be zero. 


(7 4- K + Fi « H «*[Fo + 

/Sfl JCii 

F’Ei C 08 — ^)1 cos B 4- i 12(7 (o) — m) 4~ 

H [Fo 4" F^ Ei cos — ^j)] sin 0 
cr substituting, 

Ip « /* [Fo 4- F'E2 cos {<t>t — 4»i)l 
0 “ EiQi — alk U cos 6 Ip 4“ 

j I El 2C (w — wi) H sin BIp^ 

Both real and imaginary parts of 
this expression must be separately 
equal to zero. Setting the imagi¬ 
nary part equal to zero gives 


The equation is important be¬ 
cause it dictates that the plate cur¬ 
rent varies directly with frequency 
provided Ei is constant. It also 
shows that the connection between 
plate current and frequency does 
not depend on E.^, again provided 
Ex is constant. 

Phasing Ad|ttstmanf 

Setting the real part equal to zero 
gives 

Eigi — a/* -h // cos Bip — 0 

In this equation g, and h are defi¬ 
nite functions of E, alone, so that 
the equation represents a connect¬ 
ing relation between F, and Ip. For 
correct operation, it is desirable for 
El to be constant and unaffected by 
Ip. It follows that the correct ad¬ 
justment of the phasing circuit is 
that which causes cos 0 to be zero. 


This adjustment can be per¬ 
formed readily by causing /„ to vary 
by means of an audio voltage ap¬ 
plied to the signal input grid and 
adjusting the phasing circuit for a 
minimum of audio in the oscillator 
grid current. Since the phasing cir¬ 
cuit has a low Q, the adjustment is 
not particularly critical. 

Carrying on the above approxi¬ 
mate mathematical treatment, the 
effect of stray couplings from the 
signal input to other parts of the 
circuit can be evaluated. The gen¬ 
eral result is that such couplings, 
if large enough, tend to cause the 
detector to respond slightly to am¬ 
plitude modulation. 

The effect of the finite duration 
of the pulses of cathode current can 
also be treated approximately by a 
slight extension of the above analy¬ 
sis. It has been found that, if the 
pulses have a duration of less than 
one quarter of a cycle, the detector 
operates for all practical purposes 
as if the pulses were ideally short. 
If the current pulses become longer 
than one third of a cycle, the opera¬ 
tion of the circuit becomes more 
complex, with some residual dis¬ 
tortion. 

The width of the pulses is con¬ 
trolled by the loading reflected into 
the oscillator circuit by the phas¬ 
ing circuit. No more coupling to 
the phasing circuit should be used 
than enough to give the required 
deviation sensitivity, excessive 
coupling causing wide pulses. 


Nonlinear Limiter 


A LIMITER CIRCUIT is usually in¬ 
cluded in the intensity modulation 
channel of cathode-ray tubes to pre¬ 
vent blooming from strong signals. 
However, the limiting action pro¬ 
hibits discriminating between sig¬ 
nals of different intensities above 
the level of saturation. The prob¬ 
lem arose in connection with radar 
intensity modulation presentation, 
such as the plan position indicator, 


By EDMUND R. BRILL 

to develop a limiter that would pro¬ 
tect the phosphorescent screen, yet 
to permit resolution of signals over 
a wide dynamic range of input. A 
nonlinear limiter using germanium 
crystal rectifiers was developed 
whose current versus potential 
characteristic follows a cube root 
and thus gives, in combination with 
a cathode-ray screen whose trans¬ 
fer characteristic (spot brightness 


versus control voltage) follows a 
cube law (as most screens do), an 
overall transfer characteristic that 
is linear. This compensation greatly 
increases the dynamic range that 
can be usefully presented by in¬ 
tensity modulation methods. The 
technique is applicable to gamma 
(contrast) control of television 
video signals, for wide dynomle 
range meters^ and wide range chart 
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(A) (B) 


FIG. 1—Nonlinear compression circuits use 
crystal rectifiers 

recording of such quantities as 
antenna patterns. 

Circuits 

The nonlinear limiter circuit is 
the voltage divider shown in Fig. 1 
using a resistor and a crystal. The 
circuit at Fig. lA is used for posi¬ 
tive-going signals; that at Fig. IB 
for negative-going signals. As the 
output is obtained across the crys¬ 
tal, it is desirable to make the ratio 
of crystal resistance to total divider 
resistance high. This character¬ 
istic can be obtained, without af¬ 
fecting the compression exponent, 
by using several crystals in series. 
The maximum input potential that 
can be applied to the divider is lim¬ 
ited by the peak current that can be 
passed through the crystal without 
permanently altering its character¬ 
istic. At low input levels the cir¬ 
cuits tend toward a linear transfer 
characteristic. Figure 2 shows the 
effect of the resistance of the re¬ 
sistor in a potentiometer using ger¬ 
manium crystals of the type manu- 
factured by Western Electric. 


Other compression exponents 
can be obtained by using vacuum 
diodes or silicon crystal rectifiers. 
Connecting the two sections of a 
6H6 as shown in Fig. 3 and with 
both resistors 10,000 ohms, a square 
root response was measured be- 



FIG. 2—Compression charocterlstlc of ger¬ 
manium crystal divider varies with series 
resistance 


tween 1.00 and 100 volts input; the 
output was about 0.25 volt at an in¬ 
put of 10 volts. As the resistors are 
made smaller, the characteristic of 
the circuit changes from square 
root toward linear. 

A silicon crystal, of the type 
manufactured by Sylvania Electric 
Products, used in the circuits of 
Fig. 1 with a 1.000-ohms series re- 
.sistor gave a compression exponent 
between a half and a third at higher 
\()ltages, but approached a linear 
characteristic at input potentials 
below one volt. 

In general, the characteristic of 


the crystal circuit over a wide 
j ange of input levels is the recipro¬ 
cal of the exponent of the current 
\ersus potential characteristic of 
the particular rectifier. Several 
nonlinear compression circuits can 
be cascaded to obtain a character¬ 
istic whose exponent is the recipro¬ 
cal of the sum of the reciprocal ex¬ 
ponents of each individual circuit. 
The circuits will have to be isolated 
from each other by amplifiers, 
which will also be necessary to 
maintain the signal level. (Ed. 
Note: By taking the output across 
the resistor element of the voltage 
divider instead of across the crys¬ 
tal, a nonlinear expander is ob- 



FlG. 3—Shunt diodes can be used in a 
nonlinsor compression circuit 


tained. The technique has possibil¬ 
ities in electrical computers.) Work 
reported herein was done at RRL 
under contract OEM sr-411 with 
OSRD. 


F-M and A-M Receiver for Comparison Tests 

By WILLIAM F. FRANKART 


The receiver to be described was 
designed to tune over the range of 
15 to 170 megacycles and to have an 
overall sensitivity of two microvolts. 
It receives amplitude-modulated sig¬ 
nals having high adjacent channel 
interference and also receives wide¬ 
band frequency-modulation signals. 
It was used for making direct com¬ 
parisons between frequency modula¬ 
tion and amplitude modulation reli- 
abiIity-of*-communication tests. 


The receiver had to be stable, of 
known sensitivity, known passband 
characteristics and rapid changeover 
from a-m to f-m. It is also suitable 
for the determination of maximum 
frequency and minimum phase devi¬ 
ation and of the mean carrier fre¬ 
quency tests as described by Crosby 
(pages 86-87, Hund, “Frequency 
Modulation")- For these tests, a 
receiver that has narrow passband 
characteristics on a-m is necessary 


and no commercial communication 
receiver in this frequency range was 
found suitable. 

Crysfol Diodes 

Two separate i-f channels are 
used, tuned to ten megacycles. The 
a-m channel has a pass band of six 
kilocycles. Of special interest in this 
channel is the use of Sylvania 1N34 
germanium crystal diodes. The crys¬ 
tals are used in a circuit that is, in 
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addition to being the second detector, 
a noise limiter that is very effective 
on pulses of steep wave front and 
short duration such as automobile 
ignition interference. 

The second detector and noise- 
limiter circuit operation was greatly 
improved because the germanium 
crystal diode starts to work at much 
less signal level than the typical 
6H6 diode. Also, the electrostatic- 
capacitance of the crystal diode is 
much less than the 6H6. The blocking 


chai-acteristic of the crystal is an¬ 
other factor that contributed to oper¬ 
ation as a peak pulse noise limiter. 

The f-m i-f channel has a passband 
of 300 kilocycles, this being wide 
enough for f-m reception. The circuit 
features the use of bihlar-wound 
single-tuned i-f transformers and 
germanium crystals in the Seely 
ratio detector. By using the bifilar- 
wound i-f transformer, certain ad¬ 
vantages were had ; more gain per 
stage, a high degree of stability, less 


components necessary, one circuit to 
align, and wider passband character¬ 
istics. 

All bypass capacitors under 0.001 
/if are silver mica and all capacitors 
below 0.011 /if are low-loss mica. The 
a-m i-f transformers are Aladdin 
No. 1201 with capacitors as called for 
in the .schematic. These transformers 
are normally designed to operate on 
12.6 megacycles and the capacitance 
increa.se was necessary to obtain the 
characteristics desired. 



Circuit of tho r-l and i-f Miaqmu of tho combinotion rocoiTor doiignod for conronlont comporlton of f-tn and a-m tignalt 


Synchronized Oscillators os F-M Receiver 

Limiters 

An oscillator stage following the i-f amplifier and synchronized to a subharmonic of the 
i-f signal gives voltage gain, adjacent-channel selectivity, quieting sensitivity, and good 
amplitude-limiting action. Synchronizing voltage can he injected in several ways 

•y C. W. CARNAHAN aari NENNY f. KALMUS 


I N prewar f-m receivers the only 
nonlinear element was the am¬ 
plitude limiter. Distortionless am- 
plifleation of an f-m signal is 
independent, within limits, of the 


amplitude characteristic of the r-f 
and i-f amplifiers. Accordingly, it 
was thought that some of the non¬ 
linear but extremely sensitive am¬ 
plifiers used in the early days and 


long abandoned for a-m reception 
might prove useful as limiters in 
f-m receivers. 

Following this line, the Zenith 
Laboratories in 1941 started a 
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study of the possible advantages of 
synchronized oscillators in f-m re¬ 
ception. As used in an f-m receiver, 
the application comprises an os¬ 
cillator stage following the i-f am¬ 
plifier, with the oscillator frequency 
synchronized to the frequency of 
the i-f signal, or to a subharmonic 
of it. Thus, if frequency of the i-f 
signal deviates over 150 kc with a 
center frequency of 8.8 Me, the 
synchronized oscillator may oper¬ 
ate over the same range, or at a 
subharmonic such as 4.15 Me, with 
a deviation of 75 kc. The practical 
application of subharmonic syn¬ 
chronization for frequency division 
is well known.’ 

Because of the priority of mili¬ 
tary work, research and develop¬ 
ment of this type f-m receiver have 
been on a limited scale. Unconven¬ 
tional ways have been found for us¬ 
ing a synchronized oscillator to 
advantage, but these developments 
wiU have to wait for publication 
until practical application can be 
realized. 

Interest in the phenomena ex¬ 
hibited by synchronized oscillators 
goes back to the early days of vac¬ 
uum tubes and references are ex¬ 
tensive. Several hundred papers, 
largely of a theoretical nature, have 
been written on the behavior of os¬ 
cillators. Of these, a substantial 
fraction have dealt with synchron¬ 
ization and frequency division. A 
few of the best representatives of 
these references are listed in the 
bibliography at the end of this ar¬ 
ticle. Papers on actual applications 
are scarce, for the reason that up 
to the present, the field has been 
relatively limited. 

Some Acfuol Applleotleiit 

There have been several sug¬ 
gested and actual applications to 
f-m receiver technique. Among 
these is British Patent No. 163,462, 
issued to Eccles and Vincent in 
1920. It covers the use of an oscil¬ 
lator synchronized at the carrier 
frequency for the reception of nar¬ 
row-band f-m, code and phone 
transmissions. The inherent selec¬ 
tivity of a synchronized oscillator 
seems to have been realized at this 
early date. Some work was also 


done about this time by H. G. 
Moller\ who used a synchronized 
oscillator for f-m code reception. 

The idea then seems to have lan¬ 
guished until the middle thirties. 
In 1935, Armstrong* obtained a 
patent on the use of a synchronized 
oscillator at the intermediate fre¬ 
quency in an f-m receiver, with a 
limiter following the oscillator to 
remove amplitude variations. In 
1938, the Japanese* described 
the use of a synchronized oscil¬ 
lator to separate the f-m com¬ 
ponent from a signal which con¬ 
tained both frequency and ampli¬ 
tude modulation. Their oscillator 
was adjusted so that it acted simul¬ 
taneously as a fair amplitude lim¬ 
iter. Synchronization on a sub¬ 
harmonic of the received signal was 
tried, but unfavorable results were 
obtained. 

In 1940 two Russian workers, 
Kisselgof and Knazev’®, suggested 
and built a synchronized amplifier 
for f-m receivers. The oscillator 
was synchronized at the interme¬ 
diate frequency, and amplitude lim¬ 
itation was achieved by loading 
the oscillator with a pair of shunt- 
connected diode clippers. These in¬ 
vestigators showed that normal 
amplifier gains could be obtained in 
an oscillator stage. The problem of 
injecting the synchronizing signal 
from the high-impedance circuit of 
a preceding amplifier was met by 
employing a pentagrid tube, the 
6L7, with the i-f signal applied to 
the first grid and the oscillation 
circuit connected between the third 
grid and plate. By thus allowing 
only electron coupling between the 
source of injected voltage and the 
oscillator circuit they minimized 
interaction between the two cir- 
circuits and thereby eliminated a 
major feedback problem. 

Practically all the references on 
the synchronized oscillator are 
theoretical in nature, and highly 
mathematical, due to the non-linear 
differential equations involved. 
While a simplified explanation may 
lack rigor, at least it has the ad¬ 
vantage of presenting a physical 
picture of the mechanism of syn¬ 
chronization for both fundamental 
and subharmonic operation. 



FIG. 1—lmp«d(me«l9u generator In eeriee 
with grid Injects o synchronising signal into 
o slmplilied Hartley oeclllotor 


This analysis is based on a con¬ 
sideration of the actions occurring 
over one cycle of a synchronized os¬ 
cillator. Such a treatment has been 
published recently for a free-run¬ 
ning Hartley oscillator”. Referring 
to Fig. 1, consider a simplified 
Hartley oscillator with the tank cir¬ 
cuit connected between plate and 
grid, and with the synchronizing 
signal injected by an impedanceless 
generator in series with the grid 
lead. 

Theory of the Synch, inlsed Oicillotor 

Figure 2(a) shows the plate cur¬ 
rent of the tube as a function of the 
instantaneous voltage across the 
tank circuit. The oscillator is as¬ 
sumed to operate class C without 
plate-current saturation. Figure 
2(a) shows instantaneous oscil¬ 
lator voltage as the projection of a 
vector A of variable length, rotat¬ 
ing in a counter-clockwise direction. 
For a free-running oscillator, i.e., 
E, = 0, the angular velocity of this 
vector may be assumed constant 
over the cycle. From A, to A, the 
Qm of the tube is zero, the damping 
factor of the oscillation is positive, 
and the vector amplitude decreases 
exponentially. 

From A to Ai, the amplitude must 
increase exponentially to its ori¬ 
ginal value if oscillation amplitude 
is to remain stable. During this am¬ 
plification period, when the tube is 
conducting, the damping factor is 
negative. The condition for stabil¬ 
ity in a free-running oscillator is 
that the loss in amplitude during 
the cut-off period, when the tube is 
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FIG. 2 —^Plat« currant ol oscillator in Fig. 1 
Is a function of instontanoous Toltogo 
ocross tank drcuit which appoars os ths 
proioetion of Toctor A, For a froo-running 
oscillator, (a) angular ▼olecitr is assumod 
oonstont. In (b)« angular Tolocity of tho syn¬ 
chronising signol is groator ond A$ is tho 
tonk-Toltogo component duo to synchronis¬ 
ing Toltogo 

not conducting, must be just equal 
to the gain in amplitude during the 
amplification period. 

We have assumed that for a free- 
running oscillator the angular ve¬ 
locity of the amplitude vector is 
constant, and equal to the resonant 
angular velocity of the tuned cir¬ 
cuit. Actually, angular velocity dur¬ 
ing the amplification period will 
differ from this, because of the 
changed circuit conditions during 
this period, with the result that the 
average angular velocity of the 
amplitude vector of a free-running 
oscillator over one cycle will, in gen¬ 


eral, not agree exactly with the re¬ 
sonant angular velocity of the tank 
circuit. 

The possibility of a change in 
angular velocity during the ampli¬ 
fication period gives the clue to 
what occurs during s 3 mchroniza- 
tion. For if E, is not zero, and has 
an angular velocity not equal to that 
of the free-running oscillator, sta¬ 
ble synchronization means that the 
average angular velocity of the os¬ 
cillation amplitude vector must 
change until it is equal to that of 
the injected signal. 

During the cut-off period, syn¬ 
chronizing voltage E, can have no 
effect on the oscillation vector, the 
angular velocity of which during 
this period is, say, <!>„ the resonant 
angular velocity of the tuned cir¬ 
cuit During the amplification per¬ 
iod, however, E, causes a compon¬ 
ent of plate current which may 
change the phase angle of the os¬ 
cillation vector. Thus the angular 
velocity of the oscillation vector 
during the amplification period may 
be decreased or increased, depend¬ 
ing on whether the phase of the 
plate current produced by E, is lag¬ 
ging or leading the phase of the 
free-running oscillation current at 
the start of the amplification per¬ 
iod. 

If the angular velocity of E, is 
greater or less than cd„. synchroniz¬ 
ation occurs only when the A vector 
rotates through 2% radians in ex¬ 
actly one cycle of iff,. The condi¬ 
tion for stable synchronization is 
that the gain or loss in relative 
phase angle between A and E, dur¬ 
ing the amplification period shall 
exactly balance the loss or gain in 
relative phase angle during the cut¬ 
off period. 

Vector Reiotiees 

In Fig. 2(b), are shown the vec¬ 
tor relations existing when the an¬ 
gular velocity of the synchronizing 
signal is greater than u>», the free- 
running angular velocity. Here A, 
is the component of the tank volt¬ 
age due to the synchronizing volt¬ 
age E„ This component is added 
in quadrature with the oscillation 
vector during the amplification 


period, so the angular velocity, (Dx, 
of the resultant is increased during 
this period. If o), is the angular 
velocity of the synchronizing sig¬ 
nal, the average value of angular 
velocity of the resultant over a com¬ 
plete cycle must be equal to w,, 
for stable synchronization. 

For a given difference between 
iDo and o)„ the angular velocity of 
E,y the phase angle between E, and 
A at the start of the amplification 
period will be 90 deg for the min¬ 
imum amplitude of E, required for 
synchronization. If the magnitude 
of E, is less than this critical value, 
the gain in phase during the ampli¬ 
fication period will not balance the 
loss in phase during the cut-off 
period, and the effect of E, during 
the next conductive period will be 
reduced due to the discrepancy in 
correct phasing at the start. Thus 
the phase conditions never stabilize, 
and no synchronization exists. 

If the magnitude of E, is greater 
than that required at optimum 
phasing, the gain in phase during 
the amplification period will be 
greater than required, and the 
phase at the start of the next am¬ 
plification period will be less than 
90 deg, thus reducing gain in this 
period. This process will continue 
until the relative phase at the start 
of the amplification period is re¬ 
duced to a value which remains sta¬ 
ble with the given magnitude of 
E„ 

The phenomenon of stable syn¬ 
chronization is thus due to the fact 
that the oscillation vector can slip 
in relation to the synchronizing 
vector until stable phase and ampli¬ 
tude conditions are reached. If E, 
is variable in frequency, but al¬ 
ways of sufficient amplitude, the 
oscillator will adjust itself almost 
instantaneously to every change in 
frequency of 

Synchronization with an injected 
signal whose frequency is a multi¬ 
ple of the free-running frequency 
can be explained in a similar man¬ 
ner. Figure 8 shows the phase re¬ 
lations which might exist during 
the amplification period and be¬ 
tween the oscillation voltage and a 
synchronizing voltage of twice the 
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frequency. During the active per¬ 
iod the double-frequency synchron¬ 
izing wave is practically equivalent 
to a synchronizing wave with the 
frequency of the oscillator but twice 
the amplitude of the double-fre¬ 
quency wave. It is clear that if the 
amplification period extended be¬ 
yond the boundaries marked in 
Fig. 8, the effect of the injected 
voltage at double frequency would 
be to decrease the desired change in 
oscillation vector phase, since the 
added portions would produce a re¬ 
actance change in the opposite di¬ 
rection. 

For subharmonic operation, the 
fraction of the oscillator cycle com¬ 
prising the amplification period 
should be limited to a half cycle (or 
an odd multiple of a half cycle) of 
the synchronizing voltage. 

S«iiiifivity of Synchreniiofion 

While the method of injecting 
synchronizing voltage shown in 
Fig. 1 cannot generally be realized 
in a practical f-m receiver, it can 
be used to illustrate the factors af¬ 
fecting synchronization sensitivity 
of the amplifier-limiter in practical 
circuits, since the same general 
principles hold for all. 

Synchronization sensitivity may 
be defined roughly as the amplitude 
of the injected voltage required to 
synchronize the oscillator over a 
given frequency range of the syn¬ 
chronizing voltage, for a given os¬ 
cillator frequency and amplitude. 

Since the synchronization proc- 
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ess is essentially that of adding a 
reactive component of current dur¬ 
ing a fraction of the oscillator 
cycle in order to slow down or speed 
up the angular velocity of the oscil¬ 
lation vector during this period* 
the action is similar to that of a 
frequency modulator of the reac- 
ance tube type. Factors affecting 
sensitivity are the same in both 
cases. 

The L/C ratio of the tank cir¬ 
cuit should be as high as possible, 
since then the reactive voltage de¬ 
veloped across the tuned circuit is a 
maximum for a given amplitude of 
reactive plate current. The of 
the tube during the amplification 
period should be as high as possible, 
to secure the required reactive plate 
current with the least injected volt¬ 
age. 

With the single-circuit oscillator 
shown in Fig. 1, sensitivity can 
usually be increased for low oscil¬ 
lator voltages fey damping the 
tuned circuit. If damping is in¬ 
creased, the amplitude of the re¬ 
quired reactive plate current re¬ 
mains the same for a given devia¬ 
tion from the resonant frequency, 
since the decrease in impedance of 
the tuned circuit is balanced by a 
decrease in the phase angle of the 
impedance. However, the g„, of the 
tube during the amplification per¬ 
iod must be increased to maintain 
the same oscillator voltage, and 
hence the required synchronizing 
voltage on the grid of the tube is 
decreased. For optimum adjust¬ 
ment, damp the tuned circuit until, 
for a desired oscillator voltage, the 
plate current and the p,„ of the tube 
are as high as possible. 

In a single-circuit oscillator the 
required reactive current varies 
linearly with frequency deviation 
for a small range on either side of 
resonance, since it varies with the 
sine of the phase angle of the tuned 
circuit impedance. This phase-an¬ 
gle variation may be reduced by a 
large factor over a small range, and 
synchronization sensitivity corres¬ 
pondingly increased, by adding a 
tuned secondary to the tank circuit 
inductance, as shown in Fig. 4. If 
circuit Q factors and coupling are 
adjusted to give a band-pass char- 



FIG. 4—^Addition of a tuned tocondary to 
the tank-circuit inductance increases syn¬ 
chronisation sensitirity by reducing phose- 
ongle variation of the primary impedonce 

acteristic over the desired fre¬ 
quency range, the phase angle vari¬ 
ation of the primary impedance can 
be easily reduced by a factor of 
five or more, with a corresponding 
increase in the synchronization 
sensitivity. 

Figure 5 shows the phase charac¬ 
teristics of the primary impedance 
for (1) a single circuit, (2) two 
circuits critically coupled, and (3) 
two circuits over-critically coupled. 
Even a moderate degree of coup¬ 
ling will provide considerable im¬ 
provement of the sensitivity. This 
increase in sensitivity with a band¬ 
pass tank circuit was first noted 
by Sterky.’* If the two circuits are 
over-critically coupled, giving the 
phase characteristic (3) of Fig. 5, 
the free-running frequency of the 
oscillator tends to rest on either 
side of the double bend in the char¬ 
acteristic, and synchronization 
sensitivity to a signal in the center 
is largely lost. This condition may 
also occur unintentionally through 
regenerative coupling to a preced¬ 
ing high-Q i-f circuit, and is to be 
avoided at all costs. 

DiRiciilfiet wifli Subhormoiilet 

All the factors discussed above, 
namely High L/C ratio, high 
and two-mesh tank circuits, which 
make for high synchronization 
sensitivity at the fundamental, also 
hold for synchronization at a sub¬ 
harmonic of the injected voltage. 
This is because, as discussed above, 
the action of the injected signal at 
a higher frequency than the oscil¬ 
lator, over a limited period of 
amplification, is exactly analogous 
to the action of a signal at the same 
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FIG. 5—Phas* characteristici oi primary 
impedance in Fig. 4 ior a tingle circuit (1), 
two circuits critically coupled (2) and two 
drcuitt OTer-critically coupled <3). In cunre 
(3), synchronisation sensItlTity in the center 
it lorgely lost 

frequency as the oscillator. There 
is, however, some loss in sensitiv¬ 
ity over operation at the funda¬ 
mental, due to the restriction of the 
amplification period, and the only 
justification for subharmonic oper¬ 
ation is that it avoids the practical 
difficulties of feeding an oscillator 
from a high-impedance source, and 
minimizes difficulties in oscillator 
alignment due to overall regenera¬ 
tion. 

Some of the loss in sensitivity 
entailed in subharmonic operation 
can be recovered by a proper ad¬ 
justment of bias on the oscillator, 
since this determines the length of 
the amplification period In gen¬ 
eral, however, fixed bias on the os¬ 
cillator grid makes it difficult to 
start at the desired level of 5 to 10 
volts, and not much latitude exists 
in bias voltage. 

Supprassien of Subkormoslc 
Oteillotieiit 

An unpleasant^feature which is 
associated with high sensitivity for 
subharmonic operation is the long- 
known fact that oscillations at the 
subharmonic frequency are sup¬ 
pressed if the injected signal rises 
to the same order of magnitude as 
the oscillator voltage. This is some¬ 
times not recognized at first if a 
demodulated signal is viewed on an 
oscilloscope. 

Distortion caused by suppression 
of the subharmonic at the center of 


the band then has a similar appear¬ 
ance to distortion caused by insuf¬ 
ficient synchronizing signal and the 
consequent loss of synchronization 
over part of the modulation cycle. 
The effect appears to be due to up¬ 
per bend saturation in the tube 
characteristic, so that too much in¬ 
jected voltage lowers the effective 
of the tube to the point where 
the lower-frequency oscillations can 
no longer be sustained. While this 
effect is analogous to i-f overload¬ 
ing in an a-m receiver, the result¬ 
ing audio distortion is much worse, 
and cannot be tolerated. 

If minimum synchronizing volt¬ 
age, delivered by the i-f amplifier, 
is of the order of a volt, suppres¬ 
sion of the subharmonic oscillation 
by stronger signals can be satisfac¬ 
torily overcome with a complete 
automatic gain-control circuit de¬ 
riving voltage from rectification in 
the last i-f grid circuit before the 
limiter. If, however, full advantage 
is taken of the gain in a synchron¬ 
ized oscillator, the required mini¬ 
mum synchronizing voltage will be 
much less than one volt, and gen¬ 
erally there will not be enough gain 
in the i-f amplifier to provide satis¬ 
factory gain control. Fortunately, 
special circuit means exist that will 
not suppress the oscillation until 
the voltage on the last i-f amplifier 
is high enough to cause this stage 
to act as a limiter and so prevent 
a further rise. 

Advaafagot el Sytfem 

At this point, the advantages of 
using a synchronized oscillator in 
an f-m receiver can be summarized 
as follows: 

1. Selectivity to adjacent channels 
—^at least equal to the selectivity 
of two i-f stages. 

2. If properly designed—a syn¬ 
chronization sensitivity suffi¬ 
cient to give a voltage gain (as 
an amplifier) considerably bet¬ 
ter than the conventional i-f 
amplifier. 

8. An amplitude-limiting action 
better than that of a conven¬ 
tional limiter. 

4. A quieting sensitivity inversely 
proportional to frequency devia¬ 
tion of the received signal. 


The fact that overall regenera¬ 
tion is decreased as a result of sub¬ 
harmonic operation cannot be fairly 
counted as an advantage, since op¬ 
eration on the fundamental is prac¬ 
tically impossible, and subharmonic 
operation may add to the receiver 
cost by requiring an automatic 
gain-control string. 

Of the features listed, the first— 
selectivity—is an inherent prop¬ 
erty ' of any synchronized oscilla¬ 
tor. It can be shown mathemati¬ 
cally” that if two equal voltages, 
one lying within the synchronizing 
range of an oscillator, and one 
without, are injected into the oscil¬ 
lator so that it is synchronized by 
the first signal, the amplitude of 
the second signal will be greatly re¬ 
duced. Physically, the explanation 
of this is that the effective of 
the oscillator tube for the interfer¬ 
ing signal is considerably reduced, 
since it can produce an effect only 
during the amplification period, 
which is not synchronous with the 
interfering signal. 

With subharmonic operation, the 
only effect of an adjacent-channel 
signal is a very slight frequency 
modulation which may occur during 
the amplification periods. While 
the desirability of good adjacent- 
channel selectivity will be enhanced 
as the f-m band is filled up, it is 
doubtful whether this advantage 
alone is sufficient to justify the use 
of a S3mchronized oscillator, if it is 
used following an i-f amplifier 
which already has a good selec¬ 
tivity. 

At present, no known oscillator- 
limiter circuit combines perfect 
amplitude limiting with high syn¬ 
chronization sensitivity and volt¬ 
age gain. While it is possible to 
adjust an oscillator for a high 
amplitude, 20 volts or more, so that 
it limits very well for a signal at 
the center of the band, the ampli¬ 
tude still shows a variation over 
the band, and the sensitivity usu¬ 
ally drops by a factor of ten or 
more. 

On the other hand, an oscillator 
with a lower amplitude level, and 
designed for maximum sensitivity 
and voltage gain, can be followed 
with a very simple limiter stage of 




RECEIVERS 


603 


the usual type, the combination giv¬ 
ing: excellent limiting action over 
the entire band. The use of a con¬ 
ventional limiter following the os¬ 
cillator has the further advantage 
that the oscillator is separated 
from the frequency detector. If a 
conventional diode discriminator is 
connected directly to the oscillator 
through a secondary on the oscilla¬ 
tor tank coil, the oscillator and dis¬ 
criminator alignments become in¬ 
terdependent, with consequent dif¬ 
ficulties in production. 

The last feature—a quieting 
sensitivity inversely proportional 
to frequency deviation—is of im¬ 
portance in the application of the 
synchronized oscillator-limiter to 
f-m services other than broadcast. 
These services generally employ a 
low deviation ratio, and a small 
quieting voltage on the limiter is 
very desirable because the r-f and 
i-f gains can be kept low and stable. 

iNjecfioM of SyRcliroiiitiii9 Volto^o 

In most of the previous applica¬ 
tions of the synchronized oscillator, 
injection has been aceompli.shed 
from low-impedance sources. Since 
the source of synchronizing voltage 
in a practical f-m receiver is the 
last i-f stage, problems arise be¬ 
cause of the high impedance of this 
circuit. Coupling between the os¬ 
cillator tank circuit and the syn¬ 
chronizing input circuit must be re¬ 
duced to a minimum in order to ob¬ 
tain normal gain from the i-f stage. 

Figure 6 shows a typical syn- 
chronized-oscillator circuit using a 
type 1862 tube with the synchroniz¬ 
ing voltage developed in the grid 
circuit. Oscillation is maintained 
by a cathode tickler winding. Be¬ 
cause of the grid-to-cathode capaci¬ 
tance, part of the oscillator voltage 
across the tickler is developed 
across the input tuned circuit which 
at the same time works as the plate 
load for the last i-f amplifier. 

Normal gain of an i-f amplifier is 
gmQi^L, which might be 60 for an 
f-m i-f amplifier. If the oscillator 
operates at the fundamental, the 


loading effect due to the reflected 
oscillator voltage is so great that 
the amplifier gain practically dis¬ 
appears. With subharmonic opera¬ 
tion, a gain of 10 in the preceding 
i-f amplifier is obtainable. Thus 
most of the gain in the oscillator 
itself may be lost by the reduction 
of gain in the preceding stage. 

As mentioned, the Russian solu¬ 
tion to this problem was the use of 
a pentagrid mixer, in which the 
first section acted as a buffer be¬ 
tween the input circuit and the os¬ 
cillator. Unfortunately, with pres¬ 
ent tube structures this method has 
two disadvantages. First, it is im¬ 
possible to obtain the desired g,n in 
the oscillator .section if the electron 
stream is already limited by the 
first grid. Second, because of the 
low g,„, suppression of .subharmonic 
oscillations occurs at a consider¬ 
ably lower level than is the case 
with high g,„ pentodes. It is ex¬ 
pected that by using different in¬ 
jection methods and tube struc¬ 
tures. the.se difficulties will be 
()V<*roome. 

Even though the loiiding effect in 
the oscillator input circuit is re¬ 
duced to a negligible amount, 
enough coupling may still exist be¬ 
tween the oscillator and the i-f cir¬ 
cuits to introduce hysteresis into 
the oscillator. The worM offender 


in this connection is stray coupling 
between the oscillator and the in¬ 
put to the i-f amplifier. An amount 
of coupling which ordinarily is ac¬ 
ceptable in production will cause 
the oscillator to jump suddenly 
from one frequency to another dur¬ 
ing alignment, and make its cor¬ 
rect adjustment impossible in pro¬ 
duction. Subharmonic operation 
overcomes this to a large extent, 
since the harmonic content of the 
oscillator is not large without an 
injected signal. Normal precautions 
must be taken to reduce overall 
feedback from the oscillator, how¬ 
ever, even with subharmonic op¬ 
eration. 
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Squelch Circuits for F-M Receivers 

Simple circuits for disabling the audio amplifier of an f-m broadcast receiver between 
stations. In several arrangements described the second limiter is used as a d*c amplifier 
for supplying squelch voltage and no additional tubes are used 

By C. W. CARNAHAN 


S QUELCH CIRCUITS for disabling 
the audio amplifier in the ab¬ 
sence of a received carrier have been 
used for some years in f-m commu¬ 
nications receivers, where intermit¬ 
tent operation makes their use 
imperative. Noise output of an f-m 
receiver without an incoming car¬ 
rier is relatively great owing to high 
i-f gain and the fact that the ampli¬ 
tude limiter becomes an efficient 
amplifier for receiver noise. 

A common squelch method is to 
bias the first audio tube beyond 
plate current cutoff, using a control 
voltage derived from the i-f ampli¬ 
fier or detector. The additional 
amplifier required has generally 
been an economic impediment to the 
use of such circuits in f-m broad¬ 
cast receivers. 

No Extra Tubes 

Several squelch circuits to be 
described provide adequate action 
without additional tubes if the re¬ 
ceiver employs a genuine amplitude 
limiter. 

Historically, the first form of 
such circuits^ was used in prewar 
Zenith f-ra receivers as shown in 
Fig. 1. Tubes V, and F* constitute 
a cascade limiter in which the sig¬ 


nal from the i-f amplifier is clipped 
on one side by and on the other 
side by F,. This circuit is like that 
of any other cascade limiter, except 
for the positive bias on the grid of 
F, arising from the connection to 
through A. The positive bias, 
in combination with the poor regu¬ 
lation of the plate circuit, owing to 
Rt, greatly reduces audio noise in 
the absence of a signal resulting in 
a partial squelch action while tun¬ 
ing between stations. 

The solid line (A) of Fig. 2 shows 
the plate voltage of F. as a function 
of signal input with Ri connected to 
B-i-, while the dotted line (B) 
shows the plate voltage with Ri 
grounded. The effect of the positive 
bias is to increase the plate current 
of F, for low signal levels, thus 
dropping the plate voltage to a point 
below the knee of the e, — z, curves 
for a pentode. In this region the 
of the tube is low, and the plate 
resistance is greatly reduced. These 
two effects combine to reduce the 
noise output of the discriminator. 
In addition, the grid-cathode imped¬ 
ance of F, is lowered due to the 
positive bias, decreasing the noise 
response of the tuned input circuit. 
As the desired signal increases, a 


negative bias is built up, the plate 
current decreases, and the d-c plate 
voltage rises. Thus in addition to 
its r-f limiting action the tube acts 
as a d-c amplifier with the rectified 
signal voltage as a d-c input. 

Since the plate voltage change 
over the desired signal range is of 
the order of fifty volts, it is an easy 
matter to use this potential to dis¬ 
able the audio amplifier. Figure 3 
shows the circuit used to disable a 
first audio stage consisting of a 
zero-bias high-mu triode. 

The control voltage appearing 
across R» is divided by five through 
R» and R 4 , and applied to the lower 
end of the audio grid resistor Rt, 
The cathode of the audio tube is 
biased positively by the divider Rt 
and Rf, The cathode bias is adjust¬ 
able and is set so that the audio 
grid is biased beyond plate current 
cutoff in the absence of a signal. 
When a signal is applied, the posi¬ 
tive voltage across i?, and K is 
increased and the tube resumes 
normal operation. 

Bypassing capacitors C«, Ca, and 
C* are required to keep residual 
noise and hum off the audio grid. 
The time constant of R^ and C. 
should be small enough so that the 
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FIG. 3—Squelch circuit uied to doTolop Toltage for disabling audio amplifier 


control voltage can respond to the 
average tuning rate. If this time 
constant is too large, it is possible 
to tune through a station before the 
squelch action ceases. To prevent 
the grid from going too far positive, 
is made large, at least 30 meg¬ 
ohms. With the grid too positive and 
too small a coupling capacitance, 
some low frequency response is lost, 
owing to the decrease in grid-to- 
cathode impedance. 

The squelch voltage can also be 
applied directly to the diode de¬ 
tectors, as shown in Fig. 4. Both 
diode cathodes are biased positively 
through the divider and squelch 
control Ri and R», while the control 
voltage is applied without reduction 
to both diode plates through £«. The 
diode plates are isolated from the 
cathodes for d-c by Cg. Adequate 
for communications service, this 
arrangement is not as satisfactory 
as the previous one for broadcast 
use because the audio level at the 
detectors is high. When tuning off 
a station some distortion results 
before suppression is complete. 

Amplified Squelch 

When the utmost in performance 
and ease of control is desired a 
single d-c amplifier can be added. 
In Fig 6 voltage across the second 
limiter plate resistor is taken from 
the divider Rg, Rg, and applied to the 
cathode of the d-c amplifier Vg, The 
grid of this tube is supplied with a 
variable positive bias from a poten¬ 
tiometer across the B supply. In 


the absence of signal, the grid is 
positive with respect to the cathode, 
and the tube draws full current. 
The resulting voltage drop across Rt 
is applied to the grid of the first 
audio tube Vg, to cut off plate cur¬ 
rent. With a signal applied, the 
second limiter plate current is re¬ 


duced, and the cathode of Vg rises 
in potential respect to the grid, cut¬ 
ting off the plate current of this 
tube. This action in turn removes 
the bias from the first audio tube. 

Rsferbncb 

(1) U. S. Pat. 2.823,880, Issued to C. 
W. Carnahan. 
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Superregenerative Detection Theory 

Operation of the superregenerative detector is developed, leading to the concept of a time 
aperture function. Bandwidth, signal-noise ratio, and other circuit properties are shown to 
depend on this function, whose values in turn dej>end on the quenching waveform 

By WILLIAM E. BRADLEY 


IVN investigation into the operate 
XiLing mechanism of the super- 
regenerative detector, has used 
physical reasoning and results of 
measurements. 

The specific object of the investi¬ 
gation was to develop a theory that 
would identify the factors control¬ 
ling selectivity, optimum quench¬ 
ing, signal-noise ratio, and account 
for the difficulty of reproducing a 
given response from one design to 
another. Because most superre¬ 
generative detectors combine in one 
tube at least four distinct func¬ 
tions, it is not surprising that the 
behavior of the circuit is complex. 

A superregenerative detector, 
the elements of which are shown in 
Fig. 1, ordinarily consists of an 
oscillator having a resonant circuit 
tuned to the frequency of the de¬ 
sired signal. This circuit is fed 
from an r-f stage, converter, or an¬ 
tenna, which can be considered a 
generator of current i(<). The os¬ 
cillator is caused to operate inter¬ 
mittently by means of a quenching 
signal supplied from an auxiliary 
oscillator or from low-frequency 
oscillation of the same tube. This 
quenching action can be repre¬ 
sented by a varying conductance 
git). The combination of resonant 
circuit and varying conductance 
constitute the active element. In 
addition there are the auxiliary ele¬ 
ments, an oscillation detector and 
an audio or video amplifier. An 
automatic regeneration control 
feedback from beyond the oscilla¬ 
tion detector to the active element 
may also be included. 

The circuit performs four funda¬ 
mental operations in sequence: (1) 
Quenching erases the effect of the 
previous cycle of operation, clear¬ 
ing the circuit for reception of new 


impressions; this is done by cut¬ 
ting off the oscillating tube or by 
damping the circuit. The varying 
conductance is positive during 
quenching. (2) Reception takes 
place when the incoming wave sets 
up a signal in the circuit as the 
quenching is withdrawn. (3) Am¬ 
plification begins when the quench¬ 
ing is sufficiently withdrawn (con¬ 
ductance made negative) so that 
oscillations will grow in the circuit. 
This action continues until the 
overload level is reached or the cir¬ 
cuit is again quenched. (4) De¬ 
tection, usually in the form of a 
change in oscillator grid or plate 
current and sometimes using a 
separate crystal or vacuum diode 
or a change in quenching rate, pro¬ 
duces an output that varies accord¬ 
ing to the rapidity with which full 
amplitude of oscillation is reached, 
and depends on the principle that 
the stronger the incoming signal 
the sooner the oscillation will reach 
full strength, usually several volts. 
At the end of this operation the 
varying conductance may fall to 
zero and the oscillations cease to 
grow, but nevertheless the requi¬ 
site energy is delivered to the de¬ 
tector and amplifier. 

Of the four operations, least is 
generally understood of the recep¬ 
tion action. It is not obvious at 
what instant and in what manner 
the forced oscillation of the circuit 
produced by the incoming signal 
changes to free oscillation of the 
resonant circuit. To determine this 
and other circuit actions, an ap¬ 
proximate solution of the differen¬ 
tial equation of a tuned circuit with 
varying damping was made. 
Another rigorous approach, based 
on the superposition integral, has 
verified the results and indicated 


the trivial nature of the error in 
the approximate solution. 

To obtain a detailed picture of 
the behavior of the active element 
during reception and amplification 
of an incoming signal consider that 
a current i{t) = I exp/co.f is con¬ 
tinuously applied. At negative time 
(during the quenching operation) 
the varying conductance git) has 
a large positive value; it varies in 
some manner through zero at t = 
0 to a generally negative value for 
positive values of L The problem 



FIG. 1—Chtol ol fupsrrDgDiisra- 

ttvD dsisctor U rMonant circuit with vary* 
lag domplag; Iha aqucrtleat daierlbe It 
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is to find the level of oscillation dur¬ 
ing the amplification operation. 

The problem involves the solu¬ 
tion of a linear second order differ¬ 
ential equation with the coefficient 
of the first derivative varying with 
time. This is Eq. 1 (Fig. 1); the 
primes indicate differentiation with 
respect to time. The instantaneous 
voltage on the resonant circuit is 
eit); incoming signal is t(t). 

The rigorous solution of Eq. 1 is 
difficult to obtain and use because, 
to be mathematically complete, it 
must include the effect of the resist¬ 
ance on the resonant frequency and 
all of the phenomena that hold for 
large values of Pit), the damping 
factor, including the transition be¬ 
tween oscillating and nonoscillat¬ 
ing states. For present purposes 
such a solution is unnecessary be¬ 
cause, in the practical case P{t) 

* <•>„■' and, for quench frequencies 
low compared to the resonant fre¬ 
quency F' (/) « (o.r’. 

Under these conditions a very 
similar second order equation (with 
its right hand member zero), Eq. 2, 
can be used for comparison. The 
first two coefficients of Eq. 2 are 
identical with those of Eq. 1 and 
the third is negligibly different; 
hence, over a limited time, the solu¬ 
tions of the two equations cannot 
be very different in nature. In fact 
in the practical case of a high-fre¬ 
quency superregenerative detector 
the third coefficients of the two 
equations differ by less than the 
error in measuring o),,. For the pur¬ 
pose of this analysis the solution of 
the comparison equation Eq. 2 
differs negligibly from the correct 
solution of the reduced or homog¬ 
enous form of the circuit equation. 

Knowing the two functions 
and €. that satisfy the reduced 
equation, the complete solution of 
the equation with right hand mem¬ 
ber can be found by the method of 
variation of parameters (Lester R. 
Ford, “Differential Equations”, Mc¬ 
Graw-Hill Book Co., New York, 
ld83, p 75.) The solutions are Eq. 
3, 4 and 5. 

Equations 3, 4 and 5 embody a 
complete solution to the problem. 


The function F(t,z) is called the 
time aperture function and, as will 
be shown, is of basic importance in 
describing superregenerative de¬ 
tection. * Equation 3 states that the 
voltage envelope amplitude across 
the rewsonant circuit at a particular 
instant of observation, t, depends 
on an integral of the product of the 
time aperture function and the in¬ 
put signal, the integration being 
performed over the preceding time, 
T, so that each time element of input 
signal contributes to the output 
with a relative importance deter¬ 
mined by the value of the time aper¬ 
ture function. Usually the time 
aperture function has one very 
large peak, at the moment when the 
damping passes through zero, and 
falls rapidly to small values on 
either side of this moment. There¬ 
fore the incoming signal at the 
moment of zero damping has the 
greatest effect on the output. This 
behavior gives rise to the sensitive 
period of the detector. 

Equation 4 expresses the output 
due to a carrier that remains sub¬ 
stantially constant in frequency and 
amplitude during one quench cycle. 
The integral is of the same form as 
the Fourier analysis integral that 
gives the frequency spectrum of a 
pulse. As a consequence the time 
aperture function is related to the 
selectivity curve of the superregen¬ 
erative detector in the same way 
that the waveform of the envelope 


of a pul: ed carrier is related to its 
spectrum. Thus, for example, a 
narrow time aperture function 
causes a broad band receiver and 
a broad function causes a narrow 
acceptance band. 

The time aperture function is 
given by Eq. 5 provided the varia¬ 
tion of damping with time ia 
known; that is, when P(t) is 
known. In geometrical terms, if a 
function of time is drawn having 
everywhere a slope of 0.5P(t) and 
intersecting the time axis at time 
t of observation of the resonant 
circuit voltage, the curve for time 
prior to t is the natural logarithm 
of the time aperture function. This 
process is illustrated in Fig. 2. 

Suppose that a sine wave is used 
for quenching, and that it cuts off 
the oscillator tube for a large part 
of the cycle; this sort of operation 
is usual in some of the older sep¬ 
arately quenched superregenerative 
detectors. Then P (0, the exponent 
gand Ftf,T) are shown in Fig. 2B. 

By sketching the form of F(f,T) 
for various values of t it is discov¬ 
ered that the area under F(f,T) 
increases rapidly with increasing t, 
showing that R{t) is growing 
rapidly with time during the am¬ 
plification phase. It is also found 
that the peak of F(f,T) as a func¬ 
tion of T occurs at the instant that 
Pit) passes through zero. 

The theory developed in the fore¬ 
going analysis can be applied ex- 



FIG. 2—Variation with tlmo of tho damping and aperture lunctlone dependi on the 
lorm of the quenching wove 
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Hctly in a few interesting cases. 
Suppose that a square quenching 
wave is used such that P(0 is 
positive and equal to P« prior to t 
0 and that it is negative and 
equal to —Pi thereafter. The quench 
waveform and time aperture func- 
tion for this case are shown in Fig. 
3A and B. The relative amplitudes 
of the signal in the amplification 
phase are also shown (Fig. 30 ; 
this later curve is effectively the 
selectivity curve of the detector. 

For a sensitive, narrow-band de¬ 
tector with a square quenching 
wave, — P, should be made as small 
as is consistent with the chosen 
quench frequency. For thorough 
quenching in a short interval P. 
must be large. 

Another practical case is that of 
linearly changing P{t). The com¬ 
monly used sine wave quenching 
wave causes P{t) to change from 
positive to negative nearly linearly. 
The bandwidth and time aperture 
function depend on the rate 

of change of P(0. If P(0 lias 
been changing linearly in a nega¬ 
tive direction since t = — oo and at 
f = 0 passes through zero, the volt¬ 
age E{t) at time t due to an input 
/ cos (Dnt can be found as outlined 
at Fig. 3D through 3F. For this 
special case both the time aperture 
and the frequency response have the 
shape of a probability function. • 

The almost proverbial poor sig¬ 
nal-noise ratio of superregenerative 
detectors is mostly due to the short 
effective duration of the time aper¬ 
ture function. In most cases the 
time aperture function has an effec¬ 
tive duration, measured between 
points of half-peak sensitivity, 
much less than a tenth of the total 
quench period. Statistical theory 
indicates that the signal-noise ratio 
should vary directly as the square 
root of the ratio of the effective 
duration of the time aperture to the 
total quench cycle duration. 

The narrowest band and greatest 
sensitivity as well as the best sig¬ 
nal-noise ratio appear to be obtain¬ 
able when P(t) has a large positive 
value during the quenching period 
(first operation), which is made as 
short as is consistent with thorough 
quenching, followed by a value of 


zero during the erttire reception 
period (second function), which is 
made as long as possible. The am¬ 
plification (third function) and de¬ 
tection (fourth function) periods 
should be as short as is practical. 
To achieve this result, Pit) should 
become quite negative so as to am¬ 
plify quickly the voltage existing at 
the end of the reception period to a 
usable level. The required wave¬ 
form is shown in Fig. 3G. 

Certain additional precautions 
must also be observed in designing 
superregenerative detectors. The 
(luenching must be complete, other¬ 
wise remnants of oscillation per¬ 
sist from the preceding cycle, spoil¬ 
ing the sensitivity of the receiver. 
Ringing or spurious modes of reso¬ 
nance associated with r-f chokes, 
quenching circuit coils, or other 
components can interfere with the 
quenching, retaining a remnent 
signal to compete with the new in¬ 
coming one. Typical symptoms of 
this difficulty appear when a .sharply 
resonant circuit such as a wave- 
meter is momentarily held close to 
the active element. Another effect, 
usually serious only in low-fre¬ 
quency superregenerative detect¬ 
ors, is shock excitation of the active 
element by the quenching wave. 
This action reduces the sensitivity; 
it is eliminated by restricting the 
frequency content of the quench. 

A simple way of testing for the 
presence of any of these difficulties 
is to examine the shape of the se¬ 
lectivity curve with a weak incom¬ 
ing signal. The selectivity curve 
should be smooth and single peaked. 
Any of the above difficulties will 
cause peaks separated by an inter¬ 
val equal to the quench frequency. 

Although superregenerative de¬ 
tectors may take a bewildering 
number of special forms depending 
upon application, the theory devel¬ 
oped above has been found to ex¬ 
plain the behavior of all forms in¬ 
vestigated during the past five 
years in this laboratory. In each 
case the development centered 
around obtaining the prescribed 
aperture function. Once this had 
been accomplished the selectivity 
and signal-noise ratio measured bn 
the detector agreed substantially 
with the calculations. 
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Superregenerator Design 


Gain and selectivity of superregenerative receivers can be predicted by the principles that 
are developed. Circuit operation and the effects on operating characteristics of changing 
various components are explained. Effects of specific quenching waveshapes are discussed 

By ALAN HAZELTINE* D. RICKMAN and B. D. LOUQHLIN 


A SUPERREGENERATOR Consists 
of a resonant circuit and an 
oscillator or regenerator tube, as 
shown in Fig. lA. The resonator has 
a positive damping consisting 
of the inherent and coupled losses 
of the tuned circuit. The resonator 
is also periodically supplied with an 
effective negative conductance (G 
—G.) by regenerator tube, which 
is switched on and off by a quench¬ 
ing voltage to produce this effect. 

Much prewar information on this 
circuit is vague, particularly that 
concerning gain and selectivity. Ex¬ 
tensive war-time application of su¬ 
perregeneration in IFF equipment 
required a thorough investigation. 
Late in 1942, H. A. Wheeler devel¬ 
oped the basic concepts that lead to 
a clarification of the characteristics 
of this device. A summary of this 
theory is given and it is shown how 
it can be used as a guide in design* 
ing superregenerative receivers. 

The Superregenerofor 

In the circuit described above, 
transient oscillations, excited by a 
signal in the tank (Fig. IB), build 
up exponentially during the period 
of negative conductance. When the 
quench voltage turns off the regen¬ 
erator tube, a period of positive con¬ 
ductance results during which the 
oscillations are quenched. In most 
applications it is desirable for the 
transient oscillations of one quench 
cycle to almost completely die out 
so that the transient of the next 
quench cycle is started mainly by 
the applied signal. 

In the linear mode of operation 
(Fig. 1C) the regenerator tube is 
turned off and oscillations are 
quenched before they reach satura¬ 
tion. The oscillations at the end of 
the negative conductance period, 
which are generally fed to a peak 


detector, are linearly related to the 
applied signal amplitude. 

In the logarithmic mode of oper¬ 
ation (Fig. ID) the regenerator 
tube stays on until the oscillations 
reach saturation. The duration of 
saturation varies with the ampli¬ 
tude of the applied signal, giving, 
for separately quenched operation, 
a saturation pulse width that is ap¬ 
proximately a logarithmic function 
of signal amplitude. For self- 
quenched operation a quench rate 
that is approximately a logarithmic 
function of signal amplitude re¬ 
sults.' Detection of a-m in the log¬ 
arithmic mode may be obtained by 
using a separate averaging detector 
or by using the variations in the re¬ 
generator tube electrode currents. 
The transient oscillation energy of 
a logarithmic-mode superregenera¬ 
tor has also been used to feed an 
f-m detector.® For studies of gain 
and selectivity it is convenient to 
ignore the detection action, and to 
consider the superregenerator as 
merely a carrier-frequency ampli¬ 
fier. 

Calculoting Goin 

Action of the superregenerator as 
an amplifier can be described by 
considering the tank with its in¬ 
herent and coupled positive conduc¬ 
tance as being shunted by a 
periodically varying negative con¬ 
ductance, representing the regen¬ 
erator tube. A general shape of con¬ 
ductance-time variation is shown 
for the two operating modes in 
Fig. 1C and D. 

For calculating gain and selectiv¬ 
ity, it is convenient to consider that 
a cycle of quench operation starts 
at Ta when the oscillations of the 
previous cycle are being damped out 
and the input current I begins to 
establish a normal signal in the 


tank, and that the cycle ends at T,, 
when the oscillations have again 
built up to maximum amplitude. 

The superregenerative transient 
oscillation resulting from a short 
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r-f pulae at t = 0 (when g = 0) has 
an amplitude at time T, of 

£.exp(-l^V<) (I) 

where Eo is the amplitude at t = 0 
and Eh is the amplitude at Tb* It is 
convenient to express the ratio of 
the superregenerative transient am¬ 
plitude to the applied signal ampli¬ 
tude as a gain A in nepers (one 
neper equals approximately 8.7 db) 
so that 



Thus, 1/2(7 times the area under 
the negative conductance-time curve 
between ^ = 0 and t = Ta represents 
the gain in nepers to a short r-f 
pulse applied at t = 0 and measured 
at t = Ta. 

For the linear mode the total su- 
perregenerative gain is given by 
integrating the total negative con¬ 
ductance area. For the logarithmic 
mode the effective superregenera- 
tive gain is obtained by integrating 
the negative conductance area up 
to the time of saturation. This is 
illustrated in Fig. ID where Tp i.s 
the period of the con.stant ampli¬ 
tude (saturation) oscillations of the 
logarithmic mode of operation. 

The superregenerative gain just 
described is not the total gain for 
a continuous carrier at the fre¬ 
quency of the resonator. Some fur¬ 
ther gain results because the r-f 
signal is present during the entire 
quench cycle. This produces a re¬ 
generative gain R which is gen¬ 
erally considerably less than the su¬ 
perregenerative gain. 

Sensitivity Limitotions 

The manner of decay of the oscil¬ 
lations during positive conductance 
is similar to the transient build-up 
during negative conductance, and 
the same equations hold for the 
transient amplitude in the positive 
conductance area. With repetitive 
quench, as shown in Fig. IE, the 
net transient amplitude at Tn due to 
the energy remaining in the tank 
from the previous transient of 
oscillation initiated in the tank at 
To is given approximately by 1/2C 
times the net area under the conduc¬ 


tance-time curve between Ta and Ti,. 
Thus, for the transient hangover 
to be less than the applied signal, 
the net area over a complete quench 
cycle must he positive. This excess 
damping, shown as A„ in Fig. IE, 
should be at least 3 to 5 nepers for 
most applications. 

Sensitivity of a superregenera¬ 
tive receiver is determined by the 
minimum usable signal level. For 
the logarithmic mode, sufficient su¬ 
perregenerative gain is obtained to 
amplify thermal noise to saturate 
the regenerator tube. In this case 
the sensitivity is limited by the sig¬ 
nal-noise ratio or by the signal level 
necessary to overcome hangover. 

In a linear mode superregenera¬ 
tor, sensitivity may be limited by 
insufficient gain, as well as by sig¬ 
nal-noise ratio or hangover. This 
i^’ particularly true in applications 
using a very high quench rate, 
low-transconductance regenerator 
tubes, or high-capacitance resona¬ 
tors. 

If a short r-f pulse is applied to 
a super regenerator, highest gain is 
l ealized if the pulse is applied when 
the conductance passes through zero 
going from positive to negative. If 
applied later, there is less remain¬ 
ing negative conductance area and 
thus less gain. If applied earlier, 
the oscillations decay again, giving 
less gain. Thus, the superregenera¬ 
tor can be considered to have a sen- 
.sitivity which varies during the 
quench cycle, having a maximum at 
the time when = 0 and is going 
from plus to minus. 

Variation of sensitivity in nepers 
with time can be found directly 
from the conductance-time func¬ 
tion, and from this a linear sensi¬ 
tivity-time pulse can be calculated, 
as in Fig. 2. The magnitude of the 
superregenerative selectivity curve 
has the same shape as the frequency 
spectrum of this sensitivity-time 
pulse. The corresponding frequency 
spectrum can be found by Fourier 
analysis or by Campbell and 
Poster’s tables.* The four steps, 
ignoring effects of hangover and 
assuming high gain, in finding the 
bandwidth of a superregenerator 
with a known variation ol condnet- 



FIG. 2—Steps la the developmeBt ei 
lectiTlty Irotn waveionn of conductance* 
os descrUbed in text* and* ot bottom* effect 
of hangover on seleeflvItT 

ance with time, are shown in Fig. 2; 
at the bottom of the figure the re¬ 
sponse in the presence of hangover 
is shown. 

To illustrate how these steps 
might be applied, consider the de¬ 
sign of a superregenerator that is 
quenched as in Fig. lA. From an 
assumed quench waveshape and a 
knowledge of the variation in trans¬ 
conductance with grid bias (as ob¬ 
tained from published tube data), 
the variation of transconductance 
with time can be found. By apply¬ 
ing the equations of Fig. IB, the 
variation of Gt can be found. This 
is subtracted from an assumed (or 
known) value of G* for the resona¬ 
tor, giving the net conductance¬ 
time function needed for applying 
the steps of Pig. 2. The sensitivity 
function l{t) in nepers can be ob¬ 
tained by integrating (graphically, 
if necessary) the conductance-time 
function and multipl 3 ring by 1/2C. 
The linear sensitivity-^time pulfe 
s(t) is obtained by exp l(t), where 
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FIG. 3—Conductance woTeform controls selectiTity. as these specific examples show 


I it) is conveniently taken to be 
zero at ^ = 0. The superregenera- 
tive selectivity shape is found from 
the frequency spectrum of s{i). If 
sit) is not found in Fourier trans¬ 
form tables, an approximate answer 
may be obtained by graphical 
Fourier analysis. 

If it is desired to calculate 
the selectivity of an existing super¬ 
regenerator, it may be convenient to 
find the plate-current waveform of 
the regenerator tube (by inserting 
a small resistor in the plate circuit 
and observing the quench-frequency 
voltage waveform across it on an 
oscilloscope). Then the selectivity 
can be calculated as before. 

Equations for Gain and Solocfivity 

The variation in superregenera- 
tive sensitivity with time means 
that the effect of the current sup¬ 
plied to the resonator varies with 
time. This is exactly equivalent to 
a variation in input current ampli¬ 
tude with time. It can be shown that 
the magnitude of the superregener- 
ative selectivity response character¬ 
istic is equivalent to that of an 
unvaried and undamped resonator 
to which an a-m signal is applied. 
The spectrum of that a-m signal is 
continuous because each cycle of 
quench is independent of the others, 
if hangover is negligible. The se¬ 
lectivity characteristic of the super- 
regenerator is exactly equivalent to 


the frequency spectrum of the am¬ 
plitude modulated signal, or of the 
sensitivity pulse. 

The sensitivity pulse is defined as 

8(1) = gdt^ (’A) 

where this relation holds for 
Ta ^ t ^ Tff, and s (t) = 0 outside 
of these limits. 

The gain of the superregenerator, 
H, is defined as the ratio of the 
voltage existing at the peak of a 
super regenerative cycle to the volt¬ 
age which would be developed across 
the tank at resonance if the con¬ 
ductance had remained at the value 
G,. That is 

H=Eb/(I/G^) (4) 

It can then be shown (for example, 
by conservation of energy or by 
superposition of the effects of a 
series of impulses) that 

- exp (A) X 

If hangover is ignored and the 
superregenerative gain is large, Eq. 
5 reduces to 

s{t) exp (ju>t)dt (6) 

Equation 6, which ignores end 
effects, indicates that the selectivity 
of a superregenerator can be found 
from the inverse Fourier transform 
of the sensitivity-time pulse. The 


factor, exp A, in Eq. 6 is the super- 
regenerative '^transient gain where 

The remaining factor, evaluated at 
resonance, defines the added gain 
that is obtained by regeneration. 
The regenerative gain ratio is 

R - J ^ 8(t)dt ( 8 ) 

As before, these steps have ignored 
effects of hangover and assume that 
the superregenerative gain is large. 

Effects of hangover can be com¬ 
puted from the net attenuation, 
Ao, and phase shift per cycle, exp 
(—Ao — ; 0 ) Tq), The resulting 
selectivity is 

S - F(o>) /[I - exp (- - Ju^Tq)] (9) 

where F (w) is the selectivity 
ignoring hangover. The curve at 
the bottom of Fig. 2, showing hang¬ 
over, is plotted to a linear scale; the 
peaks are very nearly separated by 
Fq = 1/r,, and the troughs are half¬ 
way between. 

Figure 3 gives examples of three 
conductance-time curves with their 
corresponding selectivities as calcu¬ 
lated by the foregoing method, as 
well as the equations for superre¬ 
generative gain A, regenerative 
gain R and selectivity F(a)), ignor¬ 
ing hangover and end effects. 

In the case of symmetrical 
squarewave quench (Fig. 3A), a 
selectivity equal to that of two cas¬ 
caded, isolated single-tuned circuits 
(one having conductance G*, the 
other G.) is obtained. When |G-| 
= G. the equivalent phase charac¬ 
teristic of the selectivity has no 
phase distortion. This distortion¬ 
less phase characteristic is pro¬ 
duced by all conductance-time func¬ 
tions which have skew symmetry 
about g = 0 (Fig. 8A and 3B). 
When gain A is large, departure 
from exact skew symmetry in re¬ 
gions remote from g = 0 can be 
neglected. 

The triangular conductance wave¬ 
form of Fig. 3B produces a selec¬ 
tivity having the form of a prob¬ 
ability curve. (A probability curve 
plotted to a db scale forms a para¬ 
bola.) 

The conductance waveshape of 
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Fig. 3C is similar to that found in 
the usual self-quenched superregen¬ 
erator, particularly those using grid 
quench and having the grid leak re¬ 
turned to a positive bias. This wave¬ 
form produces a selectivity follow¬ 
ing a probability curve, but consid¬ 
erably wider than that of Fig. 3B. 
The reason for this is that, for the 
same quench frequency and gain, 
the shape of Fig. 3C has a greater 
rate of change of conductance with 
time, giving a narrower sensitivity¬ 
time pulse and thus a wider fre- 
(juency spectrum. 

When a converting supei-regen- 
erator is used, such as the Fre- 
Modyne circuit, an unusual result 
is obtained. The conversion effi¬ 
ciency varies during the quench 
cycle so that the r-f sensitivity-time 
pulse is the product of the i-f sensi¬ 
tivity-time pul.se and the conversion 
efficiency pulse. This generally re¬ 
sults in an r-f sensitivity-time pulse 
that is slightly narrower than the 
i-f pulse, and thus gives a slightly 
wider r-f bandwidth than i-f band¬ 
width. 

In the foregoing discussion it has 
been assumed that the resonant fre¬ 
quency of the superregenerative 
tank circuit does not vary during 
the quench cycle. This gives sym¬ 
metrical selectivity curves. If the 
superregenerative tank frequency 
varies appreciably during the period 
when the sensitivity-time pulse has 
significant amplitude, then a result 
much like a combination of simul¬ 
taneous a-m and f-m is obtained, 
which can produce unsymmetrical 
selectivity curves. 

It can be shown that the shape of 
the selectivity curve near the nose 


of the curve is determined mainly 
by the shape of the conductance¬ 
time curve near the time when 
.<7 = 0. If the conductance wave¬ 
shape is approximately a straight 
line in the vicinity of fli = 0, then 
the .selectivity curve is a probability 
curve to approximately as many db 
of attenuation as are represented by 
the superregenerative gain obtained 
during the linearly sloping part of 
the conductance wave form. This 
leads to the useful approximation 
that the total bandwidth at one 
neper (8,7 db) from the peak is* 

(l/V) \{i/c)\dG/di\V^ (10) 

where dGjdt is the slope of the con¬ 
ductance-time curve at g = 0. 

In a separately quenched super¬ 
regenerator, Eq. 10 shows that, in 
general, if the quench voltage am¬ 
plitude is increased, the selectivity 
curve will become wider. Also, if 
the quench voltage frequency is 
reduced, keeping the same wave¬ 
shape, that the selectivity curve 
will become narrower. However, if 
the quench amplitude is increased, 
or the frequency decreases, the 
available superregenerative gain 
will be increased, producing more 
total gain for a linear mode opera¬ 
tion or producing an earlier satura¬ 
tion in logarithmic mode. Thus for 
a given quench waveshape, and for 
a specified superregenerative gain, 
the narrowest selectivity is obtained 
by using the lowest possible quench 
frequency. However the minimum 
quench frequency should be at least 
equal to twice the maximum modu¬ 
lation frequency of the received 
signal. 

The question frequently arises of 


how to measure the selectivity of an 
exi.sting superregenerator. Conven¬ 
tional methods may be applied in 
certain case.s, but are generally in¬ 
adequate. With certain types of 
superregenerators the problem is 
like measuring the selectivity of a 
conventional receiver having a very 
flat avc that cannot be disconnected. 
The following method is suggested 
as being applicable to substantially 
all forms of super regenerators 
normally used. 

The audio output noise of the re¬ 
ceiver, without an applied signal, 
is measured by an output meter 
(rms type preferred). A signal is 
applied at resonance and adjusted 
in level until the noise is suppressed 
by some convenient amount such as 
10 or 20 db. Then the signal is 
detuned and readjusted in level 
until the noise is suppressed by the 
same amount. The difference be¬ 
tween the two levels is the attenua¬ 
tion or selectivity at the detuned 
frequency. By this method of con¬ 
stant noise suppression, the com¬ 
plete selectivity curve may be meas¬ 
ured (assuming an adequate signal 
generator) to as much as 80 to 100 
db of attenuation. 
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Single-Sideband Converter 


In keeping with the current inter¬ 
est in single sideband reception, the 
circuit of the Millen adapter unit 
is shown in the accompanying dia¬ 
gram. It consists of a crystal-con¬ 
trolled low-frequency converter de¬ 
signed to adapt communication 
receivers for selectable single side¬ 


band reception. Eliminating one 
of the aide bands by selection re¬ 
duces interference, both from the 
standpoint of noise, and heterodsme 
signals, owning to the reduction 
of the normal receiver bandwidth 
to approximately 25 percent. 

The unit consists of a crystal- 


controlled oscillator and a mixer 
which converts the normal 455-kc 
i-f to 50.6-kc; an i-f amplifier with 
four high-Q tuned circuits; a de¬ 
tector and audio amplifier, and a 
power supply. A lever-type switch 
mounted on the front panel switches 
the oscillator cryst^ to provide 
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either 49.5 or 60.6 kc to select the 
sideband which is to be passed. 

The 466-kc output from the re¬ 
ceiver is coupled to the sideband 
selector by a small loop on the input 
cable which is slipped around the 
diode plate pin on the receiver de¬ 
tector tube. The audio output of 
the selector can be used directly for 
headphone reception or the output 
may be fed into the audio amplifier 
in the receiver for loudspeaker re¬ 
ception. 

The normal receiver audio 
control is turned off so that the out¬ 
put from the receiver detector does 
not K^t into the audio amplifier. In 
some receivers the leakagre may be 
such that it will be necessary to 
disconnect the first audio amplifier 
tube. 

The i-f transformers T, and T 2 
are aligned to 50.5-kc and, with the 
switch in the upper sideband posi¬ 
tion, the response at 50-kc is about 
6-db down. 

When the switch is in the double 
sideband position, has been re¬ 
timed by capacitor A to 49.6-kc and 
this (plus Tu which is still tuned 


to 50.6-kc) results in a sharp-nosed 
curve ideally shaped for aural car¬ 
rier tuning peaked at 60-kc. This 
double-sideband tuning position can 
be used for normal operation. Its 
selectivity is high enough to atten¬ 
uate most high-frequency hetero¬ 
dynes lying above 2,000 cycles. 

When the interference gets bad 
and the off-frequency carrier gets 
in closer so that the beat note drops 
to 1,000 or 600 cycles, one of the 
single sideband positions is 
switched in, and the tuning control 
rocked slightly. If the heterodyne 
persists, the other sideband is 
switched in and the tuning control 
rocked again. For maximum re¬ 
jection it is necessary to climb up 
slightly on the low-frequency side 
of the curve to a point about 5-db 
below the peak. 

The first section of the 6SN7GT 
operates as an infinite-impedance 
detector, and the second section of 
the tube is used as an audio ampli¬ 
fier. A high-pass filter having high 
attenuation to frequencies below 
300 cycles is installed in the audio 
circuit. This filter not only re- 



Circuit diagram ol th* ■lBgl#-iid«band 
coBvartar 


moves undesired low-frequency 
beat notes, but makes speech sound 
natural by attenuating the lows in 
proportion to the highs. It also 
takes out some of the noise. 


Superregenerative Detector Selectivity 

Experimental determination of characteristics of a superregenerative detector indicates that 
selectivity and sensitivity increase and noise decreases with decreasing quench frequency. 
Selectivity decreases with increasing quench amplitude 

By ALLAN EASTON 


T his paper describes an experi¬ 
ment dealing with the effect of 
some circuit parameters on the selec¬ 
tivity characteristic of a superre¬ 
generative detector. Data is presented 
and some conclusions discussed, 
along wdth a brief qualitative expla¬ 
nation of the reasons underlying the 
observed phenomena. 

The author was confronted with 
the problem that on a superregener¬ 
ative receiver, designed and placed 
in production, it was found necessary 
to tighten the selectivity specifica¬ 
tion* 


Receiver Circe it 

The circuit diagram of the re¬ 
ceiver is shown as Fig. 1. Compon¬ 
ents essential to the discussion are 
shown in detail. The receiver con¬ 
sisted of five basic parts: (1) selec¬ 
tive antenna transformer; (2) buffer 
amplifier tube for reduction of re¬ 
radiation; (3) superregenerative de¬ 
tector; (4) external sinusoidal quench 
oscillator; (5) audio amplifier. 

The oscillator circuit which per¬ 
forms the superregenerative func¬ 
tion is a conventional Hartley oscil¬ 


lator, with the tank connected be¬ 
tween grid and plate of the tube. The 
frequency of operation is in the one 
hundred megacycle range. The sinu¬ 
soidal quench voltage is impressed 
on the grid of the detector through 
a large resistance. The audio output 
voltage is taken from the grid cir¬ 
cuit. 

Salacfivity Maasvramaiitf 

Several samples of the production 
receiver were carefully aligned and 
the selectivity measured. The curve 
of Fig. 2 labeled Typical Set repre- 
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FIG. 1—Circuit of luporrogonorolivo rocoWor upon which lo«t« woro raodo. Dotted capaciton wore added lator to 
doeroaso bandwidth by roducing quench amplitude to the detector tube 


sents this measured selectivity. The 
required selectivity dictated by the 
revised specification, and the selectiv¬ 
ity obtained as a result of this inves¬ 
tigation are also shown. Study of 
the obtained selectivity curve indi¬ 
cates plenty of leeway for production 
variations. 

It was first necessary to ascertain 
the individual contribution of each 
stage to the total selectivity charac¬ 
teristic. The bandwidth of the de¬ 
tector alone was determined in the 
usual manner. A standard signal 
generator was connected to the grid 
of the r-f amplifier and the changes 
in frequency required to restore 
standard output for input voltage 
ratios of 2, 10, 100, and 1000 times 
the resonant value were observed. 
Figure 3 shows a plot of the overall 
selectivity of the typical set as shown 
on Fig. 2. The selectivity character¬ 
istic of the detector alone, and the 
bandwidth of the antenna trans¬ 
former alone are also shown. The 
data for the antenna transformer 
curve was obtained by impressing a 
signal voltage, whose frequency was 
varied, across the antenna terminals 
and measuring the voltage appear¬ 
ing at the grid of the r-f buffer. 

With this selectivity information, 
the following requirements were 
recognized as essential to improving 
the selectivity: (1) antenna coil se¬ 
lectivity might be sharpened; (2) 
leakage, if any, around the antenna 
coil could be reduced to obtain full 
benefit of the antenna coil selectiv¬ 
ity; (3) the superregenerative de¬ 
tector selectivity might be increased 


to carry the entire selectivity specifi¬ 
cation by itself. 

Several attempts were made to 
sharpen the antenna transformer se¬ 
lectivity. The grid tap of the an¬ 
tenna transformer was shifted to ob¬ 
tain the optimum position, higher-Q 
coils were tried, and the coupling was 
altered. Some improvements were 
realized in the transformer charac¬ 
teristic but the overall selectivity 
was not appreciably changed. 

Experiment indicated definitely 
that while leakage broadened the se¬ 
lectivity curve slightly it was not a 
controlling factor. 

Dsfsctsr Selectivity 

Next, factors affecting detector 
selectivity were studied. The design 
of the detector transformer was 
changed. The plate coupling coil was 
moved away from the grid winding. 
This change seemed to reduce load¬ 
ing on the grid winding, thereby in¬ 
creasing the Q. Selectivity improved 
somew’hat, but the sensitivity de¬ 
clined. Oscillator excitation was de¬ 
creased by changing the tap on the 
detector coil. This, in effect, reduced 
the negative resistance, resulting in 
increased Q. The selectivity at an 
input voltage ratio of 100 was 3.0 
percent, compared with 3.5 percent 
previously observed. Again, how¬ 
ever, sensitivity was decreased, this 
time by a factor of 10. 

In order to study the effects of 
quench frequency and quench ampli¬ 
tude upon selectivity, apparatus was 
connected as indicated in the block 
diagram of Fig. 4. The quench fre¬ 


quency was varied over wide limits 
for .several values of quench ampli¬ 
tude, and the bandwidth of the de¬ 
tector stage alone was measured. 
The results are shown in Fig. 5A. 
These curves are convincing evidence 
that selectivity is greatly influenced 
by both quench frequency and quench 
amplitude. The selectivity may be 
controlled over a five to one range by 
these parameters. 

Figure 5B indicates a definite re¬ 
duction in noise output as quench 
frequency is lowered. The usable 
sensitivity is much improved, and 
the signal to noise ratio, under these 
conditions, is higher. Figure 6C 
shows how detector sensitivity de¬ 
pends on quench frequency. 

Figure 6 is a plot of detector band¬ 
width versus quench amplitude. The 
quench frequency was 60 kc. The 
data was taken at both ends of the 
carrier frequency band, that is at 60 
and at 100 me. The optimum value of 
quench frequency is roughly propor¬ 
tional to the carrier frequency. 
Bandwidth was measured where the 
required input signal was 100 times 
that at resonance for the same signal 
output in all bandwidth measure¬ 
ments. 

Study of the various curves shows 
that best bandwidth is obtained with 
about a 50-kc quench frequency and 
two to three volts quench amplitude. 

The production receiver was al¬ 
tered to accomplish the recommended 
changes. The original receivers used 
a quench frequency of 160 kc at 9Ji 
volts amplitude. These values had 
been chosen because the sensitivity 
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and selectivity were least affected by 
small changes in quench constants. 
The change consisted of increasing 
the size of the quench oscillator tank 
capacitor, inserting an iron core to 
increase the quench oscillator coil in¬ 
ductance, and reducing the quench 
amplitude by using a capacitance di¬ 
vider across the tank. 

Effect of StroRf Sigaalt 

Further tests on the production re¬ 
ceiver indicated that detuning oc¬ 
curred when the input voltage was 
increased. This phenomenon is char¬ 
acteristic of oscillators with inter¬ 
mittent or pulsed modulation. When 
the duty cycle of the modulating 
pulse voltage is changed, there is a 
corresponding frequency shift in the 
oscillator. This shift, in effect, re¬ 
duces the selectivity as measured by 
the interfering signal method. The 
percentage detuning was as much as 
1.25 percent of carrier frequency as 
the input was increased from 50 to 
20,000 microvolts, meaning that a 
receiver which passed a static selec¬ 
tivity teat would probably fail when 
given a dynamic selectivity test. 

A simplified equivalent circuit is 
shown in Fig. 7 along with some 
other tabulated data. Several sizes 
of coupling capacitor were installed 
in order to study the effect of de¬ 
coupling the variable resistance pre¬ 
sented by the oscillator tube from the 
tank circuit. For each size of coup¬ 
ling capacitor indicated, the follow¬ 
ing steps were taken. 

The receiver was tuned to reso¬ 
nance WMth about 50 microvolts in¬ 
put and the carrier frequency for 
maximum audio output observed. 
The input was raised to 20,000 micro¬ 
volts and the audio output measured 
without retuning. The first column 
shows the capacitance used. The sec¬ 
ond column shows the audio output 
variation versus coupling capacitor 
size to be as much as 4.5 to 1. The 
signal generator was retuned to 
obtain maximum audio output and 
again the audio measured. The third 
column shows this data. Observe that 
the audio output was nearly doubled 
by retuning. 

The increment of frequency re¬ 
quired to retune was recorded in 


column four. The detuning varied 
from 0.43 percent to 1.25 percent de¬ 
pending upon the size of the capaci¬ 
tor. The bandwidth was measured 
for each size of capacitor; results are 
tabulated in the last column. The 
bandwidth changed almost 2 to 1. 
Our conclusion is that the smaller 
the capacitor, the lighter the load¬ 
ing, and thus the higher the Q of the 
tuned circuit. Values of capacitance 
smaller than 10 fifd resulted in oscil¬ 
lator failure. 

ThRory of Operation 

Precise, quantitative analysis of 
superregeneration is a risky pro¬ 
cedure because of the difficulty in 
completely describing the phenom¬ 
enon. The contradictory conclusions 
resulting from the several methods 
of analysis found in the literature 
(see bibliography) reflect this diffi- 



FIG. 2—MRCNNifRd ••iRCtlrillM of lupRrr*- 
g«B«ratlTR tmeolror 


culty. The brief discussion which 
follows will, therefore, be qualitative 
in nature. The conclusions reached 
were deduced from the experimental 
work and were tested on the same 
equipment. Thus the conclusions are 
valid when applied to similar cir¬ 
cuits, but should be examined care¬ 
fully before being applied to other 
types of superregenerative de¬ 
tectors. 

Refer to the detector circuit in 
Fig. 1. Assume the signal voltage 
and the quench voltage to be discon¬ 
nected. When the plate potential is 
turned on, oscillations will build up 
exponentially. The equation de¬ 
scribing the phenomenon is given by 
Frink’ as 


where 
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FIG. 5—Quench Ir^qiMocf olivets d«t*ctor 
boadwldlh (A), dbtoctor doIm output (B). 
and dotoctor ■•niltlYlty (C) 


/q: amplitude of the oscillatory current 
random noise amplitude (signal absent) 
or signal amplitude 
wit :2T X resonant frequency 
t: time 

L: inductance in tuned circuits 
C: capacitance in tuned circuits 
R: total effective resistance in tuned circuits 
0 - f(l 'LC) ~ {R/2Ln^ 


The amplitude of the oscillatory 
current is proportional to the signal 
strength, In the initial conditions 
just postulated, is random noise. 

The rate at which oscillations 
grow, d/o/dt, is also proportional to 
e»; thus 


^ *7- 

dt 2Ld 


( 2 ) 


In the case of growthf R is negative. 
In the case of decay, R is positive. 

These equations were derived as¬ 
suming linear elements. The oscil¬ 
lations will actually reach saturation 
at a time somewhat different from 
that indicated by the equations, be¬ 
cause of the nonlinearity of the de¬ 
tector grid circuit. 

Instead of turning the plate volt¬ 
age on and off, the grid bias can be 


varied periodically to produce a sim¬ 
ilar effect. In this case, the quench 
voltage will interrupt the oscilla¬ 
tions. In Fig. 8 there is shown a plot 
of a square wave of quench voltage. 
Square-wave quench voltage is used 
on the figure for the sake of clarity. 
Immediately below this plot is the 
growth and the decay envelope of the 
oscillations for zero input signal. In 
this case, random noise triggers the 
oscillations. The detector output will 
consist of noise, the characteristic 
hiss usually associated with the su¬ 
perregenera tive detector. Lower 
lines indicate the growth, with sig¬ 
nal introduced. The rate of rise of 
the oscillations is greater the larger 
the incoming signal. The shaded 
areas indicate the contribution of the 
signal amplitude to the rise time. 

The voltage appearing across the 
detector grid resistor, which consti¬ 
tutes the detector output to the audio 
amplifier, depends upon the average 
grid current, ia, and is proportional 
to the area under the lower curves of 
Fig. 8. In addition 

to = A (2L, R) log, (esi/en) (3) 

where io : change in detector current, 
K: constant for detector, eni/eas : ap¬ 
plied signal voltage ratio. 

The change in detector current 
varies as the logarithm of the 
applied signal ratio, which accounts 
for the desirable limiting action 
on strong signals and the compara¬ 
tive freedom from noise inter¬ 
ference. If the superregenerative 
detector is to be operated on strong 
signals, the use of high transmitter 
modulation percentages is recom¬ 
mended. Equation 3 predicts that 
the output from the detector will 
drop as signal input is increased 
when low modulation levels are em¬ 
ployed. Kalmus^ has used the super- 
regenerative detector in f-m receiv¬ 
ers to obtain both amplification and 
limiting action. 

The sensitivity of the superregen¬ 
erative detector is a function of the 
to of Eq. 8. The sensitivity obtain¬ 
able at high frequencies is consider¬ 
ably greater and could be obtained 
by other comparatively simple means. 
Noise muting sensitivities of 10 to 
20 microvolts were realized with the 
receiver shown. 


Clieie# of Qseseli Centtenfs 

The data presented indicates that 
it is possible to control the selectivity 
over wide limits by relatively simple 
changes in circuit constants. This 
possibility lends itself particularly 
well to production receivers. Quench 
frequency and quench amplitude are 
the parameters which have consider¬ 
able effect on selectivity and are the 
easiest to control. Some changes in 
sensitivity occur simultaneously and 
are sometimes difficult to predict, as 
was illustrated in Fig. 6C. However, 
it is possible in most instances to 
arrive at a compromise which will 
result in good selectivity, sensitivity, 
and signal to noise ratio. 

The most important factor in de¬ 
termining the quench magnitude and 
frequency is the decrement of the 
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tuned circuit. The oscillations should 
have lime to decay to below the level 
of the weakest sigrnal to be detected. 
If this is not done, a coherent state 
of oscillation results, in which the 
oscillations are continuous and do 
not decay completely. Consequently, 
the oscillator will beat with the in¬ 
coming signal. Multiple responses, 
one for each sideband of the coher¬ 
ent oscillator, will result. This condi¬ 
tion of multiple responses is brought 
about by excessive quench frequency 
or insufficient quench amplitude. The 
quench frequency should be low 
enough to permit the oscillations to 
reach maximum amplitude. The data 
taken in the performance of the ex¬ 
periments described above seems to 
indicate that a greater on period of 
oscillation, brought about by either 
lowered quench frequency and/or 
amplitude, will result in improved 
selectivity. 

If the quench frequency is too 
high, the superregenerative detector 
will operate in the linear mode rather 
than the logarithmic mode. The 
linear mode of operation does not 
have the advantage of noise quieting 
and limiting on strong signals. 

The quench frequency should be 
high enough so that no combination 
of quench frequencies and modula¬ 
tion frequencies can result in audible 
interference. 

At high frequencies selectivities 
far greater than those possible with 


two and perhaps more tuned circuits 
alone can be obtained. The practical 
limit on selectivity comes from the 
problem of oscillator drift. An ex¬ 
cessively sharp receiver is adversely 
affected by temperature, humidity, 
or voltage changes, w'hich may result 
in complete loss of signal, whereas a 
less selective receiver will only lose 
sensitivity. 

The superrengenerative detector 
is a very high gain device, conse¬ 
quently it does not seem advisable to 
rely on preselector stages for selec¬ 
tivity. Preselector stages are essen¬ 
tial, however, for the reduction of os¬ 
cillator reradiation. 

When it is important to maintain 
constant percentage bandwidth over 
a large frequency range, it will be 
necessary to change the quench con¬ 
stants simultaneously with the fre¬ 
quency setting. If several bands are 
employed, switching of quench con¬ 
stants is desirable. 
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Superregenerative Circuit Applications 


Survey of equipment Utilizing superregenerative circuits includes iff gear, teleinrtering 
systems, radar beacons, remote-control devices and f-m receivers. Difficulties in analyzing 
basic circuit performance necessitate the empirif'al design considerations outlined here 


T he technical term superre- 
generation was introduced in 
1922 by E. H. Armstrong, who is 
also credited with the invention of 
the superregenerative receiver'. In 
simultaneous work, other engineers 
utilized the basic concept of super- 


By HARRY STOCKMAN 

regeneration, intentionally or un¬ 
intentionally, as illustrated by the 
contemporary patent literature. 
The collected patents and the few 
papers published outline the history 
of superregeneration up to the be¬ 
ginning of World War II. During 


the war, the most important appli¬ 
cations were classified. Consequent¬ 
ly, the war archives of the U. S. 
Government are now the repository 
of the complete and accurate story 
of the development. 

Superregeneration can be defined 
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as the condition in a regenerative 
system that produces a growing 
transient of oscillation, prevented 
from becoming a sustained oscilla¬ 
tion by means of a repeated quench¬ 
ing action. The envelope form and 
repetition rate of the transient or 
wave train depend upon the initial 
conditions, which may be controlled 
by a modulated wave in such a man¬ 
ner that later rectification of the 
transient yields the modulation 
signal. Simplified diagrams of self- 
and externally quenched superre- 
generative detectors are shown in 
Fig. 1. 

An equivalent circuit can be 
drawn for the superregenerative 
detector, taking into account the 
Inductance, capacitance, and resist¬ 
ance of the tank circuit, the vary¬ 
ing impedance presented by the 
periodically quenched tube, and ex¬ 
ternal impedance introduced into 
the circuit, as for example, reflected 
antenna impedance. Then, if a sig¬ 
nal voltage is assumed to be im¬ 
pressed on the circuit, one can write 
a differential equation involving 
the instantaneous tank-circuit cur¬ 
rent and its derivatives. Finding 
solutions for this nonlinear differ¬ 
ential equation is a difficult proc¬ 
ess, a fact that has hindered the 
superregenerative receiver design¬ 
er. 



FIG. 1—Slmplllled droilt diograms ol 
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The complexities that arise in a 
rigorous mathematical treatment of 
this extremely nonlinear type of cir¬ 
cuit may be bypassed by the use of 
graphical methods related to bench 
measurements. These • methods are 
similar to those employed in the 
treatment of class-C amplifiers, 
large-signal detectors, and frequen¬ 
cy converters. In many special 
phases of the general problem, how¬ 
ever. advanced analytical methods 
are justified. 

Many of the design requirements 
are contradictory to one another, 
so that the final design must often 
be a poor compromise among high 
sensitivity, high selectivity, high 
fidelity, efficient avc operation and 
fast recovery time. One reason for 
this vagueness in design is that not 
enough is known about the basic 
mechanism of superregeneration. 
The sometimes unpredictable beha¬ 
vior of these circuits is often due 
to incomplete information about 
circuit and tube fundamentals, such 
as the variation of effective dissi¬ 
pation during the quenching cycle, 
the influence of circuit Q, and the 
effect of variation of tube coeffi¬ 
cients. 

Inherent Noise 

Although the superregenerative 
receiver is famous for high gain, its 
noise-muting sensitivity generally 
is not high enough. In addition, the 
characteristic noise produced in the 
superregenerative circuit in the ab¬ 
sence of a signal or in the presence 
of a weak signal, is a serious defect. 
Such noise can be reduced by auto¬ 
matically or manually lowering the 
sensitivity of the circuit. Unfortu¬ 
nately, the use of a preamplifier 
does not generally improve the sig- 
nal-to-noise ratio as shot effect and 
beating of an incoming signal with 
noise components reduce the noise- 
muting sensitivity to about the 
same value as is obtained without 
the preamplifier. 

Radiofion 

Radiation is a typical defect, par¬ 
ticularly noticeable when several 
superregenerative receivers operate 
close together. These effects can be 
minimized by reducing antenna 


coupling, quench-frequency voltage 
amplitude, and amplitude of oscil¬ 
lation. Such ameliorating changes 
generally result in poorer operation 
in other respects. A preamplifier 
ahead of the superregenerative cir¬ 
cuit will reduce, and in some cases 
almost eliminate radiation. 

A frequency converter can pre¬ 
cede the superregenerative circuit 
to act as a buffer. Such an arrange¬ 
ment may not appreciably reduce 
radiation because of the recombina¬ 
tion of sum and difference compo¬ 
nents inherent in a converter. 

Bondwidth 

Inherent avc in superregenerative 
circuits regulates the gain when the 
circuit is detuned from the mid¬ 
frequency of a given signal. This 
and other effects generally cause 
poor selectivity at medium and 
high frequencies. Multiple-reso¬ 
nance phenomena cause broad and 
nonuniform response, although this 
is not necessarily a disadvantage in 
some applications. 

The quench frequency required 
increases with carrier frequency. 
Accordingly, the absolute band¬ 
width increases with carrier fre¬ 
quency. The important character¬ 
istic, however, is the bandwidth 
relative to the signal frequency. In 
general, a superregenerative re¬ 
ceiver can be said to compare more 
favorably with other receivers at 
higher signal frequencies. 

High distortion is a classical limi¬ 
tation of superregenerative circuits, 
particularly in logarithmic mode. 
Since the output of the superregen¬ 
erative detector varies logarithmi¬ 
cally with the degree of modula¬ 
tion of the signal, volume expansion 
occurs when the modulation rises 
above approximately 60 percent. 
This effect is undesirable in com¬ 
munications and broadcast receiv¬ 
ers. In pulsed systems, distortion 
of the pulse shape occurs, limiting 
accuracy of triggering and coding 
and inhibiting fast operation. 

Sources of Instability 

Changes in antenna loading, 
which can occur when rotational 
antennas are used, as well as 
changes in the loading presented by 
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FIG. 2 —^Automatic gain stabilization (ags) circuit. When superregeneratlve’ FIG. 3—Posltiye pulses fed to righthand 

detector bias voltages drift, this feedback circuit acts to correct the deviation triode speed transmitter-circuit recovery 


the video or audio amplifier coupled 
through a rectifier to the oscillating 
circuit, can inhibit the superregen- 
erative action. 

In pulse reception, the sensitivity 
of the superregenerative circuit 
must be closely controlled so that 
uniform response to incoming 
pulses is secured and operation on 
weaker pulses and disturbances 
avoided. This control is accom* 
plished by the automatic gain sta¬ 
bilization (ags) circuit, an example 
of which is shown in Fig. 2. The 
ags circuits regulate the amplitude 
of the noise-initiated oscillations by 
controlling either the bias of the 
superregenerative circuit or the 
quench-voltage amplitude. 

The superregenerative circuit is 
subject to a number of forms of in- 
stabilit 5 \ One undesirable form is 
jitter, encountered in pulse recep¬ 
tion and transmission circuits. Jit¬ 
ter is characterized by a nonuni¬ 
form starting rate of the oscillation 
wave trains. Even slight mismatch¬ 
ing between antenna and line, or 
line and receiver, can cause such 
disturbances because of reflection 
of wave-train oscillations at the 
point of mismatch. When the re¬ 
flected oscillations arrive at the re¬ 
ceiver, they start an additional 
wave train which interferes with 
proper operation of the receiver. 

Centime ter-Wove Operation 

In the centimeter-wave region, 
lighthouse tubes, reflex klystrons 
and magnetrons permit superre¬ 
generative operation and provide 
useful signal reception. At these 
frequencies, however, such receiv¬ 
ers have serious limitations, such 
as high noise level and the need for 
extra tubes for control purposes. 


The superregenerative receiver 
can be considered as an intermit¬ 
tently operating transmitter, and 
indeed the receiving-tube circuit 
is frequently used for transmission 
in transmitter-receiver equipment. 
Although such a design reduces 
size and weight, it has many short¬ 
comings, particularly when the 
transmitter and receiver must be 
tunable within different frequency 
bands and when the transmitter 
must operate with high frequency 
stability. Automatic gain stabiliza¬ 
tion may not be applicable for pulse 
reception in a superregenerative 
transmitter-receiver because of 
troublesome time constants in com¬ 
mon circuit elements. 

Beacon and iff equipment, utiliz¬ 
ing a common, transmitter-receiver, 
superregenerative circuit, may 
have a period of insensitivity, or 
dead time, amounting to several 
milliseconds following reply to a 
challenging signal. This large dead 
time is caused in part by the use of 
a single tube for receiving and 
transmitting. Fast-operating cir¬ 
cuits have been designed to remedy 
this condition and can be arranged, 
for example, rapidly to discharge 
transmitter bypass capacitors, as 
shown in Fig. 3. The need for fast 
recovery enters into many applica¬ 
tions of superregenerative circuits 
and is sometimes one of the hardest 
requirements to satisfy. 

F-M Circuits 

Superregenerative circuits can 
be utilized in many different ways 
for f-m reception, but not always 
with advantage. Slope detection 
can be utilized but may produce an 
undesirable form of the multiple- 
resonance curve and the response of 


the circuit to amplitude variations. 
For f-m receiver applications, a con¬ 
verter can be used to obtain an i-f 
that is higher than the frequency 
of the incoming signal, and a super¬ 
regenerative amplifier can then be 
utilized in a lock-in type of circuit. 
A second converter provides the 
following discriminator with an 
input of sufficiently low frequency. 
Possibilities exist for developing 
good superregenerative f-m receiv¬ 
ers, based on simplification of the 
designs suggested here, or on other 
approaches. 

The use of superregenerative am¬ 
plifier circuits as either r-f or i-f 
limiters in f-m receivers is of par¬ 
ticular interest. An example of 
such a circuit is shown in Fig. 4. 
By the use of special quench wave 
forms, practically complete limiting 
can be obtained.* Cascade circuits 
with a second, time-delayed, super¬ 
regenerative amplifier have proven 
useful. All these circuits operate 
on the basic principle that the per¬ 
centage of a-m appearing in the r-f 
output of a superregenerative am¬ 
plifier will be smaller than that 
existing in the incoming wave. 

Got-Tube Reloy Circuits 

Properly modified superregen- 
crative circuits of conventional 
form are used to operate relays, 
particularly for the control of tar¬ 
get aircraft. Superregenerative 
gas-tube circuits, using thyratrons, 
are also used for similar purposes, 
but have the following limitations: 
unreliable control due to lack of 
precision in gas-tube operation, de¬ 
pendence of tube on ambient tem¬ 
perature, critical bias voltages, and 
short tube life. Hard-tube super¬ 
regenerative circuits can be de- 
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FIG. 4—Sup«rr«g«neratiTe 1-1 limitw circuit. Quench Toltage 
of •uiloble wQTeihape permltc nearly complete limiting 



FIG. 5 —Typical euperregenerotlTe goe-tube circuit ollorde 
compact, lightweight meant of octuating relay by rodio signed 


signed to give sufficient plate-cur- 
rent variation with a small inter¬ 
rupted signal, or for a given ampli¬ 
tude or frequency change in a c-w 
signal. 

Figure 6 shows a circuit diagram 
of one form of modern gas-tube su- 
perregenerative relay.* The tube in 
combination with the plate-voltage 
source, resistor R and capacitor C« 
constitutes an a-f sawtooth oscilla¬ 
tor. Normally, a relatively large d-c 
flows through the relay winding 
and keeps the relay energized. In 
addition to its sawtooth oscillation, 
the tube also quenches at a super- 
audible rate, and therefore main¬ 
tains an average negative potential 
on its grid. A third oscillation is 
present in the tank circuit L, Ci, Ci, 
consisting of wave trains of con¬ 
stant energy. When a sufficiently 
strong signal is impressed on the 
tank circuit through the antenna, 
the wave-train energy and repeti¬ 


tion rate change so as to make the 
grid slightly more negative. This 
change in grid voltage prevents the 
tube from firing, so that the relay 
current drops to a very much 
smaller value, tripping the relay. 
The device can be operated with 
signal on or off for rest position of 
the relay. 

Although small size and light 
weight are particular advantages 
of superregenerative circuits, their 
increasing use in balloon transceiv¬ 
ers, guided missiles, and the like, 
now necessitates new inventions to 
reduce their weight still further. 

The superregenerative circuit 
has important applications in re¬ 
mote control of missiles, telemeter¬ 
ing of missile control data, target 
seeking, radar beacons, iff equip¬ 
ment, and a variety of circuits for 
remote control of switches and 
relays. Means for rapid coding, re¬ 
ception of secret messages, and in¬ 


sensitivity to certain types of inter¬ 
ference and jamming are inherent 
advantages of the superregenera¬ 
tive circuit that are important for 
these applications. On the other 
hand, since such applications also 
give rise to more rigorous require¬ 
ments on receiver stability and re¬ 
liability under adverse weather 
conditions, the need for improve¬ 
ment in superregenerative receiv¬ 
ers has become very great. A rich 
field for exploration is open here to 
the serious research worker and 
development engineer. 
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Wideband l~F Amplifiers 


Advantages of high gain with wide bandwidth can be obtained from stagger-tuned cou¬ 
pling networks provided compensation is made for extraneous frequency-selective feed¬ 
back through the tubes. Design considerations and procedure are presented 


By MATTHEW T. LEBENBAUM 


I MAGE BEJECTiON ratio' is One 
of the important performance 
characteristics in the development 
of wide-range tunable superhetero¬ 
dyne receivers for the uhf and shf 
regions (800 to 30,000 megacycles). 
If a tunable receiver is to be a truly 
single-dial, single-signal receiver, 


all spurious responses, the most im¬ 
portant of which is the image re¬ 
sponse, must be reduced to below 
the level where objectionable inter¬ 
ference may be encountered. 

Two major components of a sys¬ 
tem which introduces attenuation 
to the image response are (1) an 


r-f preselector and (2) an i-f ampli¬ 
fier which removes the image fre¬ 
quency suflkiently far from the de¬ 
sired signal frequency that advan¬ 
tage can be taken of the selectivity 
of the r-f preselector. 

To determine the image rejection 
obtained with a given intermediate 
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FIG. 1—Normalised curves lor selecting 
number of preselector circuits lor a 
specilied skirt re)ection 

frequency, one simply determines 
the ratio of the response in the r-f 
passband to the response at two 
times the intermediate frequency 
from the passband. Increased re¬ 
jection is obtained with higher i-f. 

Design Faramnferi 

Information required by a de¬ 
signer of an i-f amplifier is (1) 
frequency, (2) bandwidth, (3) 
gain, (4) off-band rejection. The 
frequency is obtained by joint 
agreement between preselector and 
amplifier designers. In receivers un¬ 
der consideration, a minimum im¬ 
age rejection ratio of at least 60 db 
is desired. A family of curves which 
aid in the selection of the required 
number of preselector circuits and 
intermediate frequency is shown in 
Fig. 1*. Curves are for maximum in¬ 
sertion loss in the r-f passband of 
three db (Lo) and give the insertion 
loss of the filter at any frequency / 
outside the center of passband /„. 

For example, if a 70-db image re¬ 
jection ratio is required, and for 
design considerations of tracking 
and oscillator stability the r-f band¬ 
width is 50 me, it can be seen from 
Fig. 1 for n = 1 that a single-tuned 
preselector will be unsatisfactory 
regardless of intermediate fre¬ 
quency. If two tuned circuits 
(n = 2) are used, the parameter 
ar = (/ — U)/^f i» taken from the 
curve to be equal to 20 for 70-db 
rejection. Because A/ = 50 me and 
/ - /o = 2/,.„ then = 20 x 60 2 
= 600 me. For three tuned circuits 
(n = 8) /i.f = 4.6 X 60/2 = ap¬ 
proximately 120 me. 

Agreement must be reached on 
the relative complexities involved 


FIG. 2—D«grsa ol aarrowlng ol pan- 
bond introducad by multiple coupling! . 
all tuned to the gome center Irequency 

in the two alternatives. In the par¬ 
ticular case to which the above fig¬ 
ures refer, a three-cavity preselec¬ 
tor, and an i-f amplifier, centered 
at 160 me were chosen. Bandwidth 
is generally dictated by the intelli¬ 
gence to be received. In this case, 
20 me was used. 

The overall gain required is a 
function of the receiver application. 
For general monitoring of a por¬ 
tion of the radio-frequency spec¬ 
trum, which was desired, reception 
of signals down to noise level is re¬ 
quired. Sufficient gain must there¬ 
fore be included to bring the re¬ 
ceiver noise up to a level at which 
the second detector is operating lin¬ 
early. Total gain is thus a function 
of the noise figure of the receiver. 
The 160-mc i-f amplifier used as an 
example in this article incorporated 
between 90 and 100-db voltage gain 
from input grid through the second 
detector. 

Off-band rejection requirements 
are determined by the specific ap¬ 
plication, but in general, the re¬ 
quirement of high gain requires a 
large number of stages, and (as 
will be seen later) the circuits which 
must be used to obtain the combi¬ 
nation of high gain and large band¬ 
width are such as to insure excel¬ 
lent skirt rejection. 

Amplifion Abova 100 Me 

Design of amplifiers operating 
above 100 me is one which is as 
much a mechanical problem as an 
electrical one, if lumped constant 
interstage networks are to be used. 
These networks must be kept com¬ 
pact with the fewest and shortest 
possible leads. If a design is used 


which deviates from these require¬ 
ments, experience has shown that 
regeneration troubles invariably 
arise, and their elimination results 
in mechanical layouts which are 
cumbersome, difficult to build, and 
even harder to service. For the 
above reasons, a highly desirable 
type of coupling is the single-tuned 
network using tube and stray ca¬ 
pacitances as shunt capacitance and 
a variable inductance for tuning. 
This network can be constructed in 
extremely small space with very 
short leads. 

The disadvantage of this 
coupling is that the gain-bandwidth 
produef of a single-tuned network 
is low compared to more complex 
networks, off-band rejection is also 
low, and overall bandwidth of a 
series of single-tuned stages be¬ 
comes rapidly smaller as the num¬ 
ber of stages is increased. Figure 2 
shows the degree of narrowing as a 
function of the number of cascaded 
stages for single-tuned coupling as 
well as for double and triple tuning. 
There is a definite advantage in the 
use of more complex coupling net¬ 
works, completely aside from the 
fact that their gain-bandwidth 
products are higher to start with, 
because of less rapid narrowing 
with increasing number of stages, 
but unfortunately, these networks 
are difficult to realize at high fre¬ 
quencies. 

If single-tuned circuits are used, 
it can be shown that if both high 
gain and large bandwidth are re¬ 
quired, the resultant amplifier rap¬ 
idly becomes uneconomical and un¬ 
der certain conditions impossible of 
construction. Figure 3 shows the 
number of stages required to real¬ 
ize given bandwidths and gains us¬ 
ing cascaded single-tuned coupling. 
With gains of 100 db and band- 
widths greater than 4 me, the cas¬ 
caded single-tuned amplifier is im¬ 
practical. 

Sfoggar-TMiiad Cirevift 

To retain the simplicity of the 
single-tuned amplifier and to obtain 
the desirable gain-bandwidth prod¬ 
uct and slower narrowing of the 
overall bandwidth of multituned 
networks, stagger tuning is used. 
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FIG. 3—Currei relate the three functions 
totol gain, bandwidth, and number ot 
stages lor cascoded single<tuned couplings 


By properly adjusting tuning fre¬ 
quencies and damping of individual 
single-tuned stages, results ap¬ 
proaching those obtainable with 
multituned coupling can be ob¬ 
tained with little sacrifice of sim¬ 
plicity. 

The theory of stagger tuning has 
been adequately covered in the lit¬ 
erature^ so no derivations will be 
included in this paper. The method 
has proved to be exceedingly power¬ 
ful in the simple solution of most 
present wideband, high-gain ampli¬ 
fier problems. 

In discussing stagger tuning, it 
is convenient to express the gain- 
bandwith product in units of 
g^/ZiiCr and call this the gain-band¬ 
width factor. The gain-bandwidth 
factor for a single-tuned stage is, 
therefore, unity*. 

A STAGGERED PAIR of overall band¬ 
width A/ and geometrically cen¬ 
tered at /o considts of two single- 
tuned stages of dissipation factor 
D = 1/Q and tuned at frequencies 
/.a and /,/a respectively. Where % is 
less than 0.8 

D - 0.707a 

a - l-f 0.333a 

a - A///P 

The stage gain times overall 
bandwidth factor of this combina¬ 
tion will be unity. Figure 2 shows 
that the corresponding factor for 
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FIG. 4—^BocauM of MUctiT* loading from loodback within the tub*, tho rosponse (A) 
of a nino-stage omplifior of threo triplos was dlstortod (B) Responso curvo (C) of the 
amplifier after readiustment of staggered frequencies and damping 


two cascaded stages is only 0.64. In 
addition, overall selectivity function 
of the staggered pair will be, in 
both absolute value and phase, that 
of a transitionally-coupled; double- 
tuned circuit. For this reason over¬ 
all bandwidth decreases more slowly 
as staggered pairs are cascaded 
than for identically tuned stages. 
Figure 2 gives the narrowing fac¬ 
tor for staggered pairs and triples 
by using the double-tuned and 
triple-tuned curves respectively 
where n is the number of pairs or 
triples. 

A STAGGERED TRIPLE of overall 
bandwidth A/ and geometrically 
centered at /o consists of two single- 
tuned stages of dissipation factor D 
staggered at /^a and and one 
single-tuned stage of dissipation 
factor 3 centered at Where 8 is 
less than 0.3 

D » 0 .55 

a - 1 4-0.4335 

5 -A///o 

The stage gain times overall band¬ 
width factor of this combination 
will be unity, and the overall selec¬ 
tivity function will be, in both abso¬ 
lute value and phase, that of a tran¬ 
sitionally-coupled triple-tuned cir¬ 
cuit. Three cascaded single-tuned 
circuits would give a corresponding 
factor of only 0.54. It is also seen 
that the overall bandwidth de¬ 


creases even more slowly as tri])Ies 
are ca.scaded. 

It is possible to carry the stag¬ 
gering to n stages, but in the prac¬ 
tical case the pair or triple is nor¬ 
mally used and if more gain is re¬ 
quired than can be obtained in this 
manner additional pairs or triples 
are used in cascade. 


As an example of the design of an 
amplifier, the following recpii ce¬ 
ments are set; /« - 160 me, overall 
bandwidth A/, - 20 me, overall 
gain Ga ~ 100 db. As a first ap¬ 
proximation, assume four triples 
are required. From Fig. 2, each 
triple must be A/r — A/,/0.76 — 
20/0.76 26.3 me wdde. For 

6AK5\s, == 5,200 ixmohs, C.. 11 

:j.{xf, so that the stage gain (G.) 
times the bandwidth per triple 
(A/r) is 


G'«A/r =* gmf'‘2Tr('r 

^ _ 5 . 2 (K) ;^10 « 
27rll"x 10-W 


7r» X Hr* 


and the stage gain is 75 x 10726.3 
X 10* = 2.86 or 0.1 db, and overall 
gain (for four sets of triples giving 
12 stages) is 9.1 x 12 ~ 109 db. 


« - A/r//o - 20.3/100 - 0.158 
/i -/oa«/o(l 4-0.4335) 

- 160(1 4- 0.433 X 0.158) - 170.0 me 
A «/o/a-/o/(l 4- 0.4335) 

- 160/(1 4-0.433 X 0.158) « 150me 
/• *• /o ■■ 160 me 

D - l/Q-0.55 - 0 5 X 0.158 - 0.079 
Qi - 1/0.070- 12.7 

(h - 1/5 « 1/0.158*6.33 
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Ri * Qi/2irfiCT 

12 7 

** 2jrl70.9 X 'll x'iO 
« Q2/2irf2Cr 
12,7 

“ 2iri5() X U X 10 
Rt * Qs/27rfzCT 
6.33 

“ irieo X 11 X 


1,060 ohms 


« 1,210 ohms 


= 560 ohms 


The parameters of the amplifier 
are thus determined. (A staggered 
pair would be designed similarly by 
using the constants previously pre¬ 
sented for it.) The selectivity of 
the tuned circuits must be realized, 
thus the calculated resistances must 
be changed to take into account the 
tube’s input conductance and finite 
coil Q. In stagger-tuned amplifiers 
centered in the vicinity of 30 me, it 
is customary to use damping re¬ 
sistors one five-percent RMA size 
higher than that calculated in order 
to compensate for losses external to 
the damping resistor. 


Exfraii«out Damping 


Unfortunately, at frequencies 
above 100 me, the effect of the grid- 
plate capacitance becomes of in¬ 
creasing importance. The effect of 
this feedback path is to distort the 
selectivity curve, tilting it with 
greater gain at the low end of the 
band and less at the high. At fre¬ 
quencies below 100 me, it is usually 
sufficient to compensate for con¬ 
ductive and susceptive components 
of fedback admittance by retun¬ 
ing the grid circuit to the proper 
frequency and readjusting the 
damping. 

As the center frequency is raised, 
this type of correction becomes less 
effective. Figure 4 shows the calcu¬ 
lated selectivity curves of an ideal 
amplifier using three triples to ob¬ 
tain a 20-mc bandwidth at 160 me, 
and of the same amplifier with the 
feedback included and with the in¬ 
dividual stages retuned to the cal¬ 
culated stagger frequency and with 
the damping adjusted to the theo¬ 
retical values. This calculation must 
be carried out stage by stage as the 
effect is cumulative. Feedback ca¬ 
pacitance was assumed to be 0.1 ppf, 
which is about twice the normal 
value in a 6AK5, and was chosen to 
magnify the effect. However, ac¬ 


tual experimental results show this positive (or capacitive). However, 
tilting to be of such magnitude as because may take either sign, 
to require additional compensation, being negative below resonance of 
If the values of tuning frequen- the plate circuit and positive above, 
cies and loading are varied from the the • conductive component varies 
theoretical, the passband can no widely with frequency, 
longer be maintained flat without The effect is noted especially in 
great sacrifice in gain. However, if the case of stagger tuning; if the 
small dips and peaks are allowable, grid circuit is tuned to a lower fre- 
a good compromise ban be obtained quency than the plate circuit, grid- 
by designing the amplifier for a plate capacitive feedback produces 
slightly wider band than required, a negative damping in the grid and 
about ten percent, and adjusting when the grid is at a higher fre- 
the damping empirically to obtain quency, a positive damping. This 
the optimum result. The new values loading changes with frequency and 
of loading are difficult to calculate so the selectivity curve of the tuned 
because of their dependence on the circuit is distorted. This distortion, 
value of the grid-plate capacitance, y/hen magnified by successive 
which may vary from tube to tube stages, produces the results shown 
and stage to stage by a considerable in Fig. 4. 
percentage. It can be shown that the 

fedback admittance has conductive Compeniatlon 

and susceptive values of the form 

^ As mentioned above, it is difficult 

Of ~ Rut' to calculate correction factors be- 

_L cause of the uncertainty of the 

/ *• value of Despite the impor- 

where Gf and B, are the conductivi* tance of feedback with conventional 

and susceptive portions of the ad- tubes above 100 me, a good com- 

mittance of the grid circuit as the promise can be obtained by empir- 

result of a grid-plate susceptance ical adjustments. Figure 4 shows 

Bgf = Cgp. Also Bi. and Gl are the the selectivity curve of the 160-mc 

conductive and susceptive portions amplifier whose design was dis- 

of the plate load admittance. Be- cussed. The following table shows 

cause Gl must always be positive, the effect of feedback and tube load- 

it may be seen that the Bf is always ings on the values of the parameters 



PIG. 5—Two mothods oi tuning indueloni In Iho vicinity of 100 me. (A) Tko ceil 
length !■ voriod. {B) The coupling to a loop is Torlod 
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Frequency 

(Calculated Adjusted 


High. 170 9 172.5 

lA>w . 160 149 

Center. 160 160 

Kesietauce 

Calculated AdjuHted 

High. 1,060 2,700 

Low. 1,210 820 

Center. 560 820 


This amplifier had a gain, in¬ 
cluding loss in the second detector, 
of about 95 db which is quite close 
to the predicted gain, showing that 
the compromise was made with but 
little sacrifice. 

An important acheivement in the 
use of single-tuned circuits is in the 
mechanical construction. No in¬ 
terstage shielding is required, and 
the layout is relatively clean and 
simple. Several types of tuning me¬ 


chanisms have been used as shown 
in Fig. 5. Fig. 5A shows a coil used 
at 200 me, the inductance variation 
being accomplished by spreading 
the turns of the beryllium copper 
spring coil. The rod diameter was 
i in. Figure 5B shows a conven¬ 
tional brass slug-tuned coil used at 
160 me, which tuned over about 
30 me. The important features of 
the mechanical construction of the 
amplifier are the extremely short 
lead lengths, no wiring being used, 
the components themselves provid¬ 
ing connecting wires, and the care 
in selection of grounding points. 

Keferkncks 

(1) liiiagL! rejection, as used in this 
paper, is the ratio of Input lo tlie receiver 
required to produce standard output with 


that Input Blgnal different from the receiver 
tnidfrequency by twice the Intermediate fre¬ 
quency to that Input required to produce 
the Hume output with the inuut signal at 
the receiver mldfrequency. The Image fre¬ 
quency Ih higher than the desired signal 
when the receiver local oscillator Is lower 
than the received signal, and vice veraa. 

(2) Richards, P. I., Universal Optlmumi- 
Respouse Curves for Arbitrarily Coupled 
Resonators. iVoc. p 624, 84. 

(8) Oaln-bandwidth product Is the product 
of center frequency voltage ampllflcatlon 
times the bandwidth between 8-db points. 
For a pentode with a single tuned coupling 
network, it can be shown that this product 
Is pm/2irCr, where is the tube's trans¬ 
conductance and Ct is tbe total capacitance 
across the tuned circuit; this ratio Is in¬ 
dependent of center frequency. 

(4) Wallman, H.. Stagger Tuned I-F Am 
pliHcrs, Radiation Laboratory, Muss. lust. 
Tech., Report R24, P>b. 1944. Also U. F. 
Itauni, Design of Broad-Band I-P Amplifiers, 
Jour Appl Phvs, Part I, p 519, Part II, p 
721. 17. Wallinan’s analysis lends to the 
fonmilas given in this paper as well as those 
for any bandwidth regardless of center fre¬ 
quency, and are extremely simple to use to 
obtain flat-topped response. Baum’s paper 
describes an interesting approach which 
leads to useful results for the general case 
of n eircMilts with a response curve exhibit¬ 
ing peaks aud dips within the passhand. 

(5) Transitional coupling is defined as 
that coupling at whirh the first three de¬ 
rivatives of the transfer impedance are sero. 


AGC-Noise Considerations in Receiver Design 

Automatic gain control is considered for communications receiver service from the stand¬ 
point of its effect on signal-to-noise ratio at various signal voltages. The desirability of 
employing high gain in controlled stages and the limitations of such use are pointed out 


By JOHN B. MOORE 


A utomatic control of the output 
I volume of radio receivers is 
so universally employed that there 
is apt to be a tendency to simply in¬ 
corporate it in any design as a mat¬ 
ter of course. It is the purpose of 
this present treatment to point out 
and discuss some of the factors 
that are not always obvious but 
that are important where the best 
possible performance must be ob¬ 
tained, as in commercial communi¬ 
cations service; iaiso, to deal with 
certain compromises that often 
must be made. 

The simplified diagram given in 
Fig. 1 is a generalized schematic 
arranged to show the functional 
aub-divisions of a complete receiver. 
Control of the output volume is ob¬ 
tained in this generalized receiver 
by means of a manual volume con¬ 
trol in the a-f amplifier (for phone 
service) or in the tone keyer (for 
telegraph service). The output vol¬ 


ume thereby can be adjusted in¬ 
dependently of the gain of the r-f 
and i-f amplifiers. For this reason, 
which is important in many types 
of equipment for commercial serv¬ 
ice, the commonly-used term auto- 
malic volume control (avc) is not 
applicable. The preferable term. 


which will be employed in this dis¬ 
cussion, is automatic gain control 
(age). 

Figure 2 gives a generalized 
schematic circuit of a three-stage 
r-f amplifier, with age, such as 
might be used in the complete re¬ 
ceiver of Fig. 1. A particular fea- 
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FIG. 2—Three-stage r-i amplUier and converter used for purposes of discussion by the author. Tcq^s on the 
inductances permit adjustment for any desired value of gain without changing other operating conditions 


ture to be noted in this circuit is 
the use of taps on the tuned-circuit 
inductances. The purpose of these 
is to make it possible to obtain any 
desired value of overall gain, up to 
the maximum, without the neces¬ 
sity for changing the tube voltages 
or operating points from their op¬ 
timum values. Other features of the 
circuit are conventional, except per¬ 
haps for individual r-f filtering of 
the supply voltages to each tube. 
This latter is essential in any high- 
gain r-f amplifier operating at the 
higher frequencies. 

Dieds Output vs Corrler Amplitude 

The usual criterion of age action 
is the shape of the characteristic of 
rectified output vs r-f carrier in¬ 
put. Such a graph shows how 
nearly constant the output is main¬ 
tained over the indicated range of 
r-f input voltage. For some pur¬ 
poses, this is sufficient. Such data 
do not, however, show what the sig- 
nal-to-noise ratio in the output will 
be. For reasons which will be 
brought out in following para¬ 
graphs, this signal-to-noise per¬ 
formance may be quite different 
over a wide range of r-f input volt¬ 
ages than one would be led to ex¬ 
pect from a statement of noise 
equivalent of the receiver. 

In Fig. 8 are shown two t 3 rpical 
graphs of output noise level, ex¬ 
pressed in db below 100 percent 
modulation, plotted against r-f car¬ 
rier input signal in microvolts. For 


the moment, let us consider only 
the general features of these two 
characteristic graphs. 

Between the points indicated by 
A~A' and B~B\ the graphs are lin¬ 
ear. A check of various points will 
show that the noise equivalent, in 
microvolts at the input of the re¬ 
ceiver, is essentially constant over 
these linear portions of the graphs. 
For example, a noise level of 20 db 
below 100-percent modulation at 
a carrier input value of 2.6 micro¬ 
volts (average) gives a noise equiv¬ 
alent of 0.26 microvolts at the re¬ 


ceiver input. This method of ex¬ 
pressing noise levels is convenient 
and useful because it provides a 
figure which can be compared di¬ 
rectly with values of r-f signal in¬ 
put in microvolts. 

The ideal condition is that one in 
which the noise equivalent, at the 
receiver input, is constant regard¬ 
less of signal strength. Then, and 
then only, is the full benefit of in¬ 
creased signal strength realized. In 
the curves of Fig. 3, it will be ob¬ 
served that the characteristic does 
not continue linear at the higher 



FIG. 3—Output noitu In db bulow 100-p«rc«nt modulo- 
UoB, plottud agoinit r-f eorriur Input signal In microvolts 
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values of input signal. Instead, 
each characteristic levels off. In¬ 
creasing the signal input ten times, 
from 100 microvolts to 1,000 micro¬ 
volts, does not produce a corre¬ 
sponding improvement in signal-to- 
noise output of the receiver. A fur¬ 
ther increase from 1,000 microvolts 
to 10,000 microvolts produces an 
even smaller improvement. As a 
practical matter, there is no object 
in having such characteristics con¬ 
tinue linear down to extremely low 
levels in the design of radio re¬ 
ceivers for general use. The level 
at which the characteristic will be 
permitted to flatten off is, there¬ 
fore, determined by practical con¬ 
siderations of the performance re¬ 
quired. 

In order to compare different per¬ 
formance curves directly, some com¬ 
mon base or starting point must 
be used when making the measure¬ 
ments. For the curves of Fig. 3, 
the starting point was a diode out¬ 
put of 0.1 ma for zero r-f input sig¬ 
nal. The particular equipment used 
in the tests maintains a diode out¬ 
put of approximately 0.6 ma at nor¬ 
mal operating values of signal 
strength. In other equipment, a 
similar ratio between normal out¬ 
put and starting-point output of 
the diode could be used. Adjust¬ 
ment to the desired value of recti¬ 
fied output for zero r-f signal input 
is obtained by means of the manual 
gain control associated with the i-f 
system as shown in Fig. 1. 

The flattening-off level, for such 
curves as those of Fig. 3, is deter¬ 
mined by the amount of r-f gain 
employed between a given input 
stage and a given converter (Fig. 
1). Three stages are shown to give 
the required r-f selectivity and also 
the desired age action as judged by 
constancy of output over a wide 
range of r-f signal input. The over¬ 
all gain is fixed at a desirable value 
by proper choice of the positions of 
the taps on the coils of the tuned 
circuits. This permits obtaining the 
desired reduction of maximum gain 
without changing tube voltages and 
operating points and thereby sac¬ 
rificing age performance. 

To explain the foregoing, let us 


assume some values of noise equiv¬ 
alent and of gain. The noise equiv¬ 
alent at the input of the receiver 
may be taken as 0.3 microvolt; and 
that at the grid of the converter as 
3 microvolts. Assume a value of 
r-f gain, from receiver input to con¬ 
verter grid, of 1000/1 with age act¬ 
ing and an input of 1 microvolt. 
This point is chosen from Fig. 3 as 
one which is near the start of the 
linear portion of both character¬ 
istic curves. 

Converter Noise 

The values of amplified signal 
and noise appearing at the con¬ 
verter grid for different values of 
i*-f input are given in the accom¬ 
panying table. These are based on 
the somewhat idealized assumption 
that the age action holds an abso¬ 
lutely constant output and there¬ 
fore a constant signal level at the 
grid of the r-f converter. The as¬ 
sumption also is made, for the pur¬ 
pose of this simplified illustration, 
that the second and third stages 
contribute no appreciable portion 
of the noise. For purposes of illus¬ 
tration, these assumptions are jus¬ 
tifiable; the errors involved being 
too small to appreciably affect the 
validity of the illustration. 

The tabulated figures show that 
at low levels of input signal the 
final signal-to-noise ratio in the 
output of the receiver is determined 
by the signal-to-noise ratio exist¬ 
ing at the input of the receiver. As 
the signal input is increased, and 
the age action comes into play, the 


amplified noise appearing at the 
converter grid becomes less in mag¬ 
nitude compared to the noise equiv¬ 
alent of the converter itself. The 
result is that, at the higher levels of 
signal, the signal-to-noise ratio of 
the output of the receiver is deter¬ 
mined not by that existing at the 
input but rather by the noise equiv¬ 
alent of the converter. The age- 
characteristic of signal-to-noise vs 
r-f input therefore flattens off as 
shown in Fig. 3. 

In the lower portion of the table, 
the r-f gain is assumed to be 100 
instead of 1000. This lower value 
of r-f gain results in poorer signal- 
to-noise ratios at the higher values 
of signal input. The curve for this 
case therefore would flatten off at 
a considerably higher level of noise. 
This is illustrated by the two curves 
of Fig. 3, which are plotted from 
actual data rather than from the 
assumed data tabulated in the ta¬ 
ble for purposes of simplified ex¬ 
planation. 

Use of High Goin 

The foregoing discussion indi¬ 
cates the desirability of employing 
high gain in the r-f amplifier to 
which age is applied. There are cer¬ 
tain limitations, though, to the 
amount of gain that can be safely 
used. One is stability, or freedom 
from self-oscillation, at all fre¬ 
quencies. A second is protection of 
the r-f converter tube from being 
overloaded by stronger signals on 
channels adjacent to the desired 
signal. 
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Tabu of 

Input 

Output Signcd-to-Nolae Rotioe with Various Input 
Condittons 

At Conv. Grid. Converter Converter Signal 

K-F -'-- Nowe Total Noisi* 

Signal, /LiV 

Gain 

Signal, Atv 

Noise, 

Kqiiiv., 

/Liv Noise, mV 

Ratio 

1 

1000 

1000 

HOO 

3 

300 

3.3 

10 

100 

1000 

30 

3 

30 

33.3 

100 

10 

1000 

3 

3 

4.2 

238 

1,000 

1 

1000 

0.3 

3 

3 

333 

10,000 

0.1 

1000 

0.0.3 

3 

3 

333 

1 

100 

100 

30 

3 

30 

3.3 

10 

10 

100 

3 

3 

4.2 

23.8 

100 

1 

100 

0.3 

3 

.3 

33.3 

1,000 

0.1 

100 

0.03 

3 

3 

33.3 

10.000 

0.01 

100 

0.003 

ry 

.3 

33.3 


If the r-f Kiiin and the a^c hold 
the desired signal at 10,000 micro¬ 
volts at the grid of the converter, 
and a signal 100 times as strong as 
the desired one is received on an 
adjacent channel, the interfering 
signal will have a voltage of about 
one volt at the grid of the con¬ 
verter. This is apt to produce 
serious overloading and interfer¬ 
ence. 

In actual use of a receiver such 
as depicted in Fig. 1 and having 
age-noise characteristics as shown 
in Fig. 3. it is customary to man¬ 
ually readjust the i-f gain in order 
to obtain optimum performance on 
very weak and also on very strong 
signals. In this way the age-noise 
characteristic may be shifted from 
its positions shown on Fig. 3 to best 
handle existing conditions and 
ranges of signal strength, noise, 
and interference. Obviously, the 


design of the age system should be 
such as to cover the greatest pos¬ 
sible range of input signal without 
the need for manual re-adjustment 
of the i-f gain. 

The final design generally must 


be a compromise between the vari¬ 
ous factors discussed; the exact 
compromise being determined by 
the performance required and the 
conditions under which the equip¬ 
ment will be used. 


Noise and Output Limiters 

Comprehensive survey of instantaneous noise-peak and output limiters for a-m communi¬ 
cations receivers, with representative values of components, analysis of operation, and 


conclusions as to usefulness. 


1 IM1TERS, as the name implies, 
I are restrictive devices. The 
limiter circuits discussed in this 
report are curative means designed 
to mitigate the effects of undesired 
electrical disturbances of an im¬ 
pulse nature, such as static, igni¬ 
tion noise, and radar signals, on 
the output of radio receivers 
designed particularly for ampli¬ 
tude-modulated communications 
use. 

Preventive means operating di¬ 
rectly in the antenna circuit have 
not as yet been developed with any 
considerable degree of success. The 
circuits described below center at 
or near the final detector in a re¬ 
ceiver, and the best of them, when 


By EMERICK TOTH 

properly designed and operated, can 
provide very considerable assistance 
in reception through many forms 
of noise. 

Limiters are divided into three 
groups: (1) instantaneous noise- 
peak limiter.s, whose primary use¬ 
fulness is in modulated-wave 
(mew) reception such as speech 
and music; (2) output limiters, 
useful mainly for continuous-wave 
(c-w) reception, such as telegraph 
signals; (3) circuits not falling di¬ 
rectly into the first two groups. 

Limiters of this general group 
are actually operative only when 
the instantaneous value of the car¬ 
rier exceeds some refeience level, 
which may be a d-c bias voltage 


controlled from the front panel of 
the receiver or, better, the average 
value of the rectified carrier itself 
as it appears across the final de¬ 
tector load. 

Essentially, an instantaneous 
noise-peak limiter usually involves 
two circuits, one having a time- 
constant corresponding to the usual 
detector load circuit, and the other 
having a much longer time-con¬ 
stant. The time-constant differen¬ 
tial of these two circuits is 
responsible in large part for the 
successful operation of the limiter. 

Most of the instantaneous limi¬ 
ters to be described are half-wave 
devices and operate on the modula¬ 
tion envelope resulting from recti- 
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fication of the positive half-cycles 
of r-f input to the detector. The 
usual form of half-wave diode de¬ 
tector does not respond substan¬ 
tially to the negative half-cycles of 
signal, and therefore suppresses 
also the negative half-cycle of r-f 
noise peak where it exceeds the 
equivalent of 100 percent modula¬ 
tion of the desired carrier. Full- 
wave limiters generally do not pro¬ 
vide a substantial improvement 
when applied to such detector cir¬ 
cuits on mew operation, unless 
considerable clipping of the de¬ 
sired modulation is tolerable. 

Strict Noise-Ptak Llmifcrt 

The moat useful and successful 
of the instantaneous group are 
series noise-peak limiters. In con¬ 
trast to others of this group, which 
have not been very effective on the 
longer wave-trains resulting from 
impulse excitation in receivers 
operating below about 10 me, series- 
type limiters have been highly effec¬ 
tive in receivers covering the signal 
range from 16 kc to over 400 me. 
They also satisfy one general re¬ 
quirement for limiters intended for 
mew use by not causing a degree of 
distortion which would affect the 
intelligibility of voice signals or 
seriously impair the quality of 
music, when the usual average 
values of carrier modulation are 
employed at the transmitters. 

In addition, series limiters re¬ 
quire very few components over 
those normally found in the usual 
half-wave diode detector, and are 
easily adaptable to automatic thres¬ 
hold biasing by the rectified voltage 
of such a detector. These limiters 
have also been found useful for c-w 
reception if care is taken to provide 
the proper value of beating or 
heterodyne voltage at the final de¬ 
tector. 

Slmplt Strict Limiter 

Figure 1 shows the simplest form 
of series limiter, widely used in 
Navy shipboard receivers. It re¬ 
quires only one fixed capacitor, two 
fixed resistors, and an independent 
diode in addition to the normal 
components of a diode second detec- 



FIG. 1—simple itritc llmlltr, requiring 
only the lour additionol component! Iniide 
the demh-doth rectangle 


tor. No front-panel control of 
threshold for varying carrier levels 
is required, threshold bias being 
automatic in the sense that it is 
directly derived from the rectified 
carrier. Its operation can be briefly 
described as follows: 

Assume a rectified d-c potential 
of 10 volts developed across JR, and 
Ri in Fig. 1 by a constant carrier. 
The cathode of the limiter diode 
is then initially at about —lO volts 
with respect to ground because of 
its connection to point A through 

and while the limiter plate is 
at about —6 volts to ground. The 
plate is thus momentarily 6 volts 
positive with respect to the cathode 
and the limiter diode becomes con¬ 
ductive, its resistance being fairly 
low compared to the other resist¬ 
ance values in the circuit. Output 
capacitor C, is thereby connected 
through the conductive diode to 
junction B, so that a constant modu¬ 
lated r-f carrier input provides a-f 
output. This output is about 45 
percent of what it could be without 
the limiter, but generally this re¬ 
duction is of little significance 
since it usually affects only the re¬ 
serve gain and not the sensitivity 
of the receiver. 

Under the above conditions, 
capacitor C« is charged through 
1-megohm resistor Rt, to a potential 
of about —7 volts. Any appreciable 
change in this potential would re¬ 
quire about 0.01 second, due to the 
time-constant of RJC%. The time- 
constant of {Rx -f- Rt)Ci is, however, 
only about 50 microseconds, so that 
the potential at the limiter diode 


plate can change in about l/200th 
of the time required for its cathode 
to assume a new potential. There¬ 
fore, if a noise potential of perhaps 
100 volts suddenly appears across 
Rx -f- Ba and brings the plate of the 
limiter diode to —50 volts from 
ground potential, the diode plate 
becomes about 43 volts more nega¬ 
tive than its cathode and the diode 
stops conducting. This in effect 
disconnects output capacitor Cs 
from point B, and the a-f amplifier 
has no appreciable input for the 
duration of the noise modulation. 
By the time that the cathode of the 
limiter diode has assumed an effec¬ 
tively more negative potential, the 
noise pulse will usually have de¬ 
cayed and the limiter diode will 
have become conductive again, re¬ 
storing the a-f input to the audio 
amplifier. 

With this limiter, appreciable 
distortion can be seen on an oscillo¬ 
scope only above approximately 40 
percent modulation. In listening 
tests involving both speech and 
music, most personnel have found 
it extremely difficult to detect dis¬ 
tortion by ear on transmission 
maintaining an average modulation 
level of between 30 and 40 per¬ 
cent, a condition commonly encoun¬ 
tered, With the circuit constants 
shown in Fig. 1, the time- 
constant of recovery from surge 
inpul is very satisfactory, an 



FIG. 2—OteUloteope trodngt el audio eitl* 
put of receiver. UluetiollBg aelee euppres* 
•lea el simple eerlee limiter. Stgnal hxpni 
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INPUT SIGNAL MODULATION DEPTH IN PERCENT 


FIQ. 3—Modulation distortion cunros as 
moosurod at output of typical communica¬ 
tions rscolTor using slmplo sorlos Umltsr. 
Ths cnrc-oll eurrss ors substantially ths 
somo cm for woak-slgnol crrc-on oporation. 
Signal Input froqusncy Is 4*000 kc. a-i out¬ 
put iroquoney Is 1.000 cycles, ond signal 
Input loTol is 1.000 mlcroToltt 

item of importance, especially in 
shipboard receivers. 

It should be noted that the modu¬ 
lation threshold value given above 
applies to distortion of only that 
half of the audio envelope appear¬ 
ing across the detector load which 
corresponds to increasing rectified 
current, the other half-cycle being 
unaffected with a half-wave limiter. 
This is likewise true of most of the 
limiters described below. 

Oscilloscope tracings illustrating 
the operation of the simple series 
limiter on both mew and c-w sig¬ 
nals in a typical receiver appear in 
Fig. 2. On c-w, the beat oscillator 
acts to produce operation of the 
limiter similar to that with a very 
low percentage of desired signal 
modulation at the detector. 

Modulation distortion under vari¬ 
ous conditions of mew operation is 
indicated by the curves in Fig. 8. 
The change in threshold of limiter 
action between weak and strong 
signals is particularly evident. 

Operation of the series limiter 
on c-w reception may be improved 
by the incorporation of some addi¬ 
tional degree of r-f limiting in the 
i-f (or r-f) amplifier immediately 
preceding the final detector. This 
can take the form of an added grid 
leak and capacitor between the con¬ 
trol grid and the i-f transformer 
of this amplifier stage. The resul¬ 
tant better i-f limiting will allow 
the use of a lower beat osciUator 


injection voltage to the detector 
without abrogating resonant over¬ 
load performance, a condition 
favoring good operation of the lim¬ 
iter following the detector. 

S«riat-Typa Noita Limltar With 
Threikold Adluttmesf 

With a potentiometer substituted 
for fixed resistor Rt in the circuit 
of Fig. 1, the limiter threshold can 
be varied from about 65 percent 
modulation down to substantially 
zero percent (on half the modula¬ 
tion cycle). This control varies the 
d-c bias due to the rectified carrier 
at the cathode of the limiter diode, 
which bias determines the limiting 
threshold. 

The modified circuit, shown in 
Fig. 4, may also include an addi¬ 
tional diode. This is shunted 



FIG. 4—S«rtot-typ« aelM llmitGr with 
threshold adlustnoat so that Umllor opera¬ 
tion con be set to start anywhere in range 
from 0 to SS percent modulation 

across resistor to buck the inter¬ 
nal (thermionic) potential of the 
limiter diode, as this residual volt¬ 
age reduces the effectiveness of 
the limiter at low carrier levels by 
raising the limiting threshold in 
terms of modulation percentage. 
The voltage built up across Rt due 
to rectified direct current from the 
detector wiD, together with the 
time-constant of Ct and the grid 
resistor in the first a-f stage, tend 
to maintain this additional diode 
biased to cutoff, except on weak sig¬ 
nals. The price paid for this im¬ 
provement in weak-signal limiting, 
however, is generally a considerable 
increase in audio distortion at all 


useful levels. Making the time- 
constant of C« and the audio ampli¬ 
fier grid leak equal to that of RJJt 
will assist in keeping this increase 
in distortion to a minimum. 

Low-Lott Sarlet-Typa Noita Llmifar 

The reversal of cathode and plate 
connections of the limiter diode in 
the variation of the series-type lim¬ 
iter shown in Fig. 5 necessitates 
the use of two more resistors and a 
capacitor (over those required by 
the simplest form) to provide the 
required biasing and RC delay cir¬ 
cuits for the diode elements. It 
has, however, the advantage of pro¬ 
viding the a-f amplifier with a 
higher percentage of the a-f voltage 
appearing across the detector diode 
load, as contrasted with the circuit 
of Fig. 1. For a comparable degree 
of modulation distortion, this im¬ 
proved transfer of a-f voltage will 
amount to about 2 or 3 db, which 
is usually not of great importance 
unless the receiver is deficient in 
reserve gain. 

The cathode of limiter diode 
is biased negative relative to its 
plate by connection to the junction 
of detector-load resistors Rg and R.. 
through resistors Rg and Rg, RtCg 
provides a long time-constant cir¬ 
cuit similar to RjCg in Fig. 1 while 
Rt, serves as the cathode load re¬ 
sistor across which the limiter out¬ 
put voltage is developed in a man¬ 
ner similar to Rg in Fig. 1. Capaci¬ 
tor Cs provides a-f coupling to the 
plate of Dg for the detector audio 
output voltage appearing between 
the junction of Ri and R^ and 



flG. 5 l owlai ■•riM llmllar. roquIrlBg 
tbiea mora mmponantf than the slmplesi 
venlon tai Fig. 1 
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Kround. Resistor Rj serves only as 
an r-f filter element. The action of 
this circuit in limiting peaks of 
noise or other modulation is identi¬ 
cal to the circuit shown in Fig. 1, 
the plate of being free to follow 
variations in detector a-f output 
voltage, while the cathode circuit 
is held by the longer time constant 
of R,Ci. 

Hum is one of the serious diffi¬ 
culties in any system wherein audio 
signals are taken from a relatively 
high value of resistance load lo¬ 
cated in the cathode circuit of an 
a-c heated vacuum tube. The heater- 
cathode capacitance of the most 
widely used receiver tubes will be on 
the order of 5 to 10 /x/xf, which at 
60 cps presents a capacitive react¬ 
ance of 250 to 600 megohms. With 
a resistive load between cathode 
and ground of perhaps 0.5 megohm, 
about 0.1 percent of the heater-to- 
ground potential will appear across 
the cathode resistor. This would 
be about 6 millivolts with a 6.3-voIt 
heater. 

When using the simple series 
limiter circuit of Fig. 1 with a 6H6 
duodiode, the hum voltage appear¬ 
ing across R^ may be approximately 
halved by grounding that end of the 
heater which is closer to the cathode 
element used for the limiter diode, 
since in the 6H6 the individual 
diode heater windings are in series. 
With even fairly high-gain a-f am¬ 
plifiers, however, the hum will 
usually be troublesome even though 
this precaution is taken. 

The circuit arrangement in Fig. 
6 has been found highly satisfac¬ 
tory for further reducing hum from 
the series limiter. The reduction 
obtained will generally be on the 
order of 20 db with normal com¬ 
mercial variations in tubes and 
other components. The cathode re¬ 
sistor of the a-f amplifier following 
the limiter will not be bypassed to 
ground, resulting in some decrease 
in the gain otherwise obtained from 
this audio stage, due to degenera¬ 
tion. Two additional capacitor.*^ 
and a resistor are required over 
those needed for a normal a-f am¬ 
plifier input system with unby¬ 
passed cathode. 

The equivalent circuit is that of 



FIG. 6—Hura-r«diicttoii Ttrtlon of tlmplo 
sorios limltor. with oquiTaloat circuit or- 
rangod to show bridgo configuration 


a bridge, with as the limiter 
diode heater voltage (normally 
grounded on one side in most re¬ 
ceivers) and Cnk as the heater- 
cathode capacitance. R^ and form 
another arm of the bridge and are 
shunted by the equivalent resistance 
/?., which is a composite of /?„ i?,. 
Rt, the effective resistance of 
etc. R-, is the cathode bias resistoi* 
for a-f amplifier tube V^. The 
bridge configuration is completed 
by capacitor Ca. which is connected 
between the ungrounded side of the 
heater supply and the cathode of V^. 
Fortunately, the value of Co with 
the usual limiter circuit values is 
quite low; in the circuit shown it 
is only 150 fifif. It should be noted 
that this hum-bridge scheme allows 
normal location and operation of the 
a-f gain control R^^ even to the ex¬ 
tent that despite imbypassed cath¬ 
ode resistor jRt, the gain control can 
reduce the input to Fj substantially 
to zero, since its low end returns to 
the cathode of Va, It should also be 
noted that, if a LIMITER ON-OFF 
switch is used, two different values 
of Ct, will be required, due to slight 
changes in bridge configuration 
when switching from the cathode to 
the plate of the limiter diode. 

The circuit of Fig. 7 functions as 
a balanced bridge arrangement for 


detector voltages above the limiting 
threshold, with unbalance being 
maintained at all other times. It 
must be adjusted manually for each 
carrier level, but automatic opera¬ 
tion can be achieved by adding an¬ 
other diode, as in Fig. 8. 

When the contact arm of in 
Fig. 7 is at the grounded end of R^ 
and Rt is set equal to ft (47,000 
ohms), ft, ft, and ft form a bal¬ 
anced resistance-bridge circuit 
which is fed from the i-f output 
through the second detector and 
noise limiter diodes. If both diodes 
rectify in phase and their loads are 
equal, the a-f output across ft is 
essentially zero. When the limiter 
diode is made inoperative by ad¬ 
justing ft to bias its cathode with 
a positive d-c voltage, the bridge 
becomes unbalanced and a-f output 
is obtained when a constant modu¬ 
lated carrier input is present. If, 
now, a noise peak arrives that ex¬ 
ceeds the limiter diode bias, the 
bridge will be rebalanced and sub¬ 
stantially no a-f output will be ob¬ 
tained for that part of the noise 
peak during which it exceeds the 
diode bias voltage. 



FIG. 7—Balanead>dal«etor noiM limitar 
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The limiter normally is initially 
balanced by adjusting /?«, and is 
thereaftei* adjusted for each car¬ 
rier level and desired modulation 
threshold only by means of front- 
panel control Rh. Adjustment of R^, 
however, disturbs the balance of the 
bridge by varying the resistance of 
one arm, hence it may be desirable 
to gang a variable resistor with R. 
so as to hold its equivalent resis¬ 
tance constant. For most effective 
operation, the time-constant of 
(i?, 4 Ru)C^ should equal that of 
(/?., ‘f i?,)Cr for all settings of R^, 
and the capacitances of the two 
diodes should be equal. 

During tests at U. S. liroadcast 
frequencies, no improvement in re¬ 
ceiver performance was discernible 
with this limiter, improvement be¬ 
coming noticeable only above about 
10 me and only on ignition-pulse 
types of interference. The need for 
adjusting to changing carrier val¬ 
ues makes this circuit practically 
useless on fading signals, unless 
limiter control settings such as 
would cause serious distortion are 
tolerable. No appreciable limiting 
was obtained on c-w reception em¬ 
ploying a beat oscillator. 

AMtomofic B<iloiic«d-D«t»ctor Noise 
Limiter 

By adding another diode circuit 
to the arrangement of Fig. 7, auto¬ 
matic operation is obtained, elimi¬ 
nating adjustment of a balancing 
potentiometer with each change in 
carrier level. The additional diode 
is operated from a tertiary winding 
on the final i-f transformer, as 
shown in Fig. 8. This diode rectifies 

the i-f carrier to provide a d-c bias 
of about twice the mean rectified 
voltage furnished by the detector 
diode, so that limiting does not take 
place on modulation depths below 
about 100 percent. The bias voltage 
is applied to i?8 at the point where 
(Fig. 7) introduces the bias in 
the manually controlled circuit. The 
cathode delay bias on the noise lim¬ 
iter diode is thus maintained auto¬ 
matically at a substantially constant 
ratio with respect to the carrier in¬ 
put The depth of modulation at 
which audio distortion begins is 



mainly determined by the ratio of 
the rectified voltage supplied by the 
automatic biasing diode to that sup¬ 
plied by the detector diode. The 
limitations in performance of this 
circuit, however, are otherwise sim¬ 
ilar to those applying to Fig. 7. 

Saloneing-Type Noit* Limiter 

The balancing (or bucking) ef¬ 
fect of a diode shunted across the 
second detector with reversed po¬ 
larity is used in the circuit of Fig. 
9. When the limiting threshold is 
passed, as on noise peaks, the varia¬ 
tions in limiter diode current op¬ 
pose the normal demodulation cur¬ 
rent in the second detector. 

A.ssume that an unmodulated car¬ 
rier produces a rectified potential of 
10 volts across second detector diode 
load Rit making point A 10 volts 
negative with respect to ground. 
Then, on positive peaks of carrier 
input, point D will be close to 
ground potential, because point A 
remains relatively constant over an 
r-f cycle and the 10-volt positive r-f 
peak across the i-f transformer sec¬ 
ondary acts to cancel the negative 
10 volts at A. On negative peaks, 
point D will therefore be about —20 
volts with respect to ground. 

The voltage impressed across the 
noise limiter diode in series with Rt 
will then vary between substantially 
zero and —20 volts at an r-f rate. 
This builds up a potential of about 
—20 volts across capacitor C«, 
thereby biasing the limiter diode 
plate 20 volts negative with respect 
to ground. The net effect is that the 
second detector diode is shunted by 
a high impedance, between about 
2.6 to 6 megohms for the value of Rt 
shown, until such a time as the i-f 
input voltage increases substan¬ 
tially above the 10-volt value, as on 


a noise peak or with modulation of 
the carrier. When this occurs, the 
limiter diode becomes conductive 
for all portions of the modulated 
wave having an instantaneous value 
in excess of 10 volts negative. It 
should be noted that the audio volt¬ 
age appearing across RiCi is added 
to the instantaneous negative volt¬ 
age peaks appearing across the sec¬ 
ondary of Ti, in addition to the 
mean value of rectified carrier volt¬ 
age across R^, Since the time-con¬ 
stant of RtCt is long, about 0.05 to 
0.1 second, C, will serve mainly as 
a coupling capacitance to Rx as re¬ 
gards a-f variations. These varia¬ 
tions, being of opposite polarity to 
those across Ri, will tend to cancel 
the latter on half the audio cycle. 
The magnitude of the cancellation 
effect will depend on the impedance 
of the limiter diode when conduct¬ 
ing, which in turn will depend on 
the values of the impressed volt¬ 
ages and A, so that better cancella¬ 
tion will in general be obtained as 
R, approaches Rx in value. This 
would necessitate increase of Cg to 
a large value to maintain the time- 
constant of RtCt at the desired mag¬ 
nitude, and would increase the a-c 
loading across Rx as regards audio 
output, seriously affecting modula¬ 
tion distortion except with the lim¬ 
iter disabled. 

The modulation distortion of this 
type of limiter is quite high, even 
on relatively low modulation depths, 
with effective limiting of noise 
peaks. Although the distortion can 
be reduced by various expedients, 
perhaps the most attractive feature 
of the circuit is its ability to pro¬ 
vide about twice the normally ob¬ 
tainable avc voltage when the d-c 
potential across R, is utilized. 



FIG. 10—^Trled* ihimt-typ* boIm tlaUtBr 
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The circuit of Fig. 10 employs 
the plate resistance of a triode 
shunted across a portion of the sec¬ 
ond detector diode load, the mag¬ 
nitude of the shunt resistance being 
controlled by the grid and plate 
voltages, which act in conjunction 
with differential time-constants. 

Assuming a carrier input that 
produces a total rectified voltage of 
10 volts across the diode load (be¬ 
tween A and D), potentials relative 
to the second detector cathode will 
be —10 volts for A, about —8 volts 
for B, and about —5.8 volts for C. 
The triode plate is thus 8 volts posi¬ 
tive with respect to its cathode, 
while its control grid (connected 
to A through R^) is 2 volts negative. 
For a triode with a /x of 20, this 
produces plate current cutolf, so 
that the triode plate resistance is 
high and has little shunting effect 
on second detector load resistor Ry 
and Rm. Now if a 100-volt noise 
pulse suddenly appears between 
points A and D, the triode plate- 
cathode voltage rises to 80 volts 
relatively long before the grid po¬ 
tential can change, since the plate 
circuit time-constant is about 12 
microseconds while that of the grid 
circuit is about 50 milliseconds. The 
triode then becomes conductive and 
shunts section B-D of the detector 
load for the duration of the noise 
pulse, thereby reducing the audio 
output from the detector. The noise 
disturbance should subside before 
the control grid swings sufficiently 
negative to stop this limiting action. 

The percentage of modulation at 
which audio distortion due to the 
limiter appears depends upon the 
type of triode used, the relative 
values of ft., and i?a, the time- 
constants involved, and the absolute 
carrier level. The higher carrier 
levels produce no distortion (and no 
limiting). Serioue distortion, how¬ 
ever, has been observed for modula¬ 
tion as low as 10 percent with low 
signal levels. Effective limiting 
action is restricted to a narrow 
range of carrier input levels, gen¬ 
erally being evident above 10 me in 
carrier frequency. 

In Fig. 11 is shown the simplest 
limiter of them all, requiring only 
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FIG. 12—^Modlll«d thtaiil iioit# limiter 


an additional resistor and a capaci¬ 
tor, along with an independent 
diode. 

Here Ri and Ru bypassed by Ci, 
provide a detector diode load with a 
time-constant of about 10 micro¬ 
seconds, to which is connected the 
cathode of the noise limiter diode. 
The limiter plate circuit time-con¬ 
stant is 1 second, so that the lim¬ 
iter diode conducts and shunts the 
detector diode load on noise (and 
modulation) peaks. During such 
peaks, the a-f output of the de¬ 
tector is reduced by an amount 
which depends on the value of R» 
plus the portion of Ri between point 


A and the limiter cathode, the posi¬ 
tion of the variable contact on Ru 
and the noise peak voltage. The 
depth of modulation above which 
distortion begins is determined by 
the relative values of Ri and Rt and 
by the setting of Ri. The perform¬ 
ance of this limiter was not very 
good, some improvement being evi¬ 
dent on pulse-type interference on 
signals above 10 me. The shunting 
effect of the limiter diode is appre¬ 
ciable only when the variable con¬ 
tact on Ri approaches point B, 

MedNied Shssf-Type Nols# LlmHer 

The limiter circuit in Fig. 12 re¬ 
sembles the series-type limiter of 
Fig. 1 except that the plate of the 
limiter diode and the low end of its 
cathode resistor are interchanged. 
As a result, the limiter diode acts 
to shunt C, thereby reducing the a-f 
output voltage whenever a noise- 
peak makes the diode conductive. 
The arrangement shown permits 
grounding the low end of the i-f 
transformer secondary when desir¬ 
able for stability reasons. 

Assume a constant carrier mak¬ 
ing point E on the detector diode 
load 10 volts negative with respect 
to A (ground). Points B and C are 
then both —5 volts to ground be¬ 
cause the limiter diode is noncon¬ 
ducting, its plate being effectively 
at the —10 volt potential of E. The 
plate circuit time-constant is much 
longer than that of the cathode cir¬ 
cuit of the limiter, so that any noise 
surge in excess of 20 volts across 
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the entire detector load drives the 
cathode of the limiter diode more 
than 10 volts negative with respect 
to ground and the diode conducts, 
shunting the input to the follow¬ 
ing a-f stage. This shunting action 
is made more effective by series 
cathode resistor i?«, which with the 
limiter diode closed acts as part of 
a voltage divider to attenuate de¬ 
tector-load voltage peaks. Limiting 
action ceases when C becomes posi¬ 
tive with respect to D due either to 
decay of the noise pulse or to charg¬ 
ing up of Ct. The limiter will begin 
to cause audio distortion at about 
100-percent modulation for the 
values shown. If A, equals 0.4 Ru 
distortion will begin at about 40 
percent modulation and a greater 
percentage of the a-f output de¬ 
veloped across the detector load will 
be available to the following a-f 
amplifier. This limiter has been 
found to be much more effective 
than the simple shunt limiter, al¬ 
though not as good as the simple 
series-type limiter at the lower car¬ 
rier frequencies. 

D«e«««ratlv# Noise Umitor 

Degenerative feed to the i-f am¬ 
plifier prior to final detection is 
used in the circuit of Fig. 18. A 
portion of the output from the first 
i-f amplifier is amplified in the first 
and second noise limiter amplifiers, 
and the resulting i-f output is cou¬ 
pled into a full-wave rectifier hav¬ 
ing Ai as a load. The d-c voltage 
developed across Rt provides the 
bias for the injector grid of a 6L7 
pentode serving as the final i-1 am¬ 
plifier tube. Front-panel control /i« 
provides a positive delay voltage for 
the diode cathodes, to prevent rec¬ 
tification until signal or noise peaks 
exceed this bias. Since the time- 
constant of the diode load is only 
6 microseconds, the d-c potential 
across Ri can fluctuate at a rate of 
up to about 200 kc. 

If the normal carrier peak im¬ 
pressed across the diodes is 10 
volts and the delay bias is 5 valtB» 
the diodes do not rectify (since each 
gets only half the applied voltage) 
and the 6L7 injector grid then has 
substantially no bias relative to 


ground. Now if a 100-volt noise 
peak appears across the secondary 
of the diode transformer, the delay 
bias on each diode is exceeded by 
45 volts and a negative potential of 
about 45 volts is therefore applied 
to the 6L7 injector grid. If this 
change in injector grid potential 
occurs simultaneously and in op¬ 
position to the change in the con¬ 
trol grid potential of the 6L7 due to 
the same noise pulse and at the 
same rate, the effects of the noise 
pulse on the second detector can be 
reduced considerably by the result¬ 
ing bucking action. Ideal phase and 
amplitude balance usually are, how¬ 
ever, difiicult to achieve, due in 
large part to the many circuits in¬ 
volved in the noise limiter amplifler 
and rectifier channeL 
This limiter requires manual ad¬ 
justment of the threshold of opera¬ 
tion and is useless on fading sig¬ 
nals. Circuits may be added to pro¬ 
vide automatic biasing from an ad¬ 
ditional avc system, rsbolting, how¬ 
ever, in almost prohibitive complex¬ 
ity. One version of this latter form 
has been found to be almost as ef¬ 
fective as the simple series limiter 
at the higher signal frequencies. 
Modulation distortion is deter¬ 
mined by the delay bias obtained 
from Rb or by the accessory avc bias 
in the automatic foim 
The a-f output limiters differ 
from the instantaneous noise-peak 
limiters primarily in that they 
simidy present a continuous limit on 
the maximum power output from 
one or more ampliflers at some pre¬ 
determined level They are, in gen¬ 
eral diflkult to bias automatically 


to provide limiting at a desired 
depth of modulation of the carrier 
independent of the absolute carrier 
value, and are therefore mainly use¬ 
ful on c-w (telegraph) operation. 

a-P OsfpHt Uniter 

R-f output limiting (with inci¬ 
dental r-f noise limiting) is quite 
satisfactorily achieved with the 
simple circuit arrangement of Fig. 
14, which depends on vacuum-tube 
plate current saturation and control 
grid cutoff, with maintenance of a 
high input impedance in the control 
grid circuits of the saturated tubes. 
The third and fourth r-f amplifier 
stages are used as saturation limi¬ 
ters by operating with about 45 
volts applied to both screen and 
plate circuits. The two stages com¬ 
bined provide the equivalent gain 
of one r-f amplifier stage at a mudi 
lower limiting level than is feasible 
with one stage alone, by virtue of 
r-f voltage dividers Rg-R^ and CrCg. 
The single tuned circuit following 
the fourth stage filters out r-f dis¬ 
tortion caused by the preceding lim¬ 
iter circuits and provides further 
selectivity, while the low-pass filter 
following the detector further puri¬ 
fies the audio output and improves 
signal-to-noise ratio. 

The initial a-c input resistance of 
the third r-f amplifler tube is about 
one megohm, until the applied sig¬ 
nal voltage exceeds the negative 
bias supplied by the voltage drop 
across cathode resistor ffa to the 
control grid, when it drops to about 
one-half megohm because the grid 
becomes, in effect, a diode rectifler 
conductive for that portion of the 
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FIG. IS^Rttonant orerload charactsrUtici 
ol r*celT»r using r-l output limiter lor long- 
wave c-w reception, and oscillogram of 
letter V os received from an overseas trans¬ 
mitter in presence ol 12-voit noise peaks. 
Input signal Ireguency is 16 kc, unmodu- 
loted; beat oscillator is on; a-i output Ire- 
quency is 1.000 cycles. Distortion ligures 
lor detector output are 0.7 ond 0.1 per¬ 
cent respectively lor 2nd ond 3rd har¬ 
monics with receiver input ol 10 micro¬ 
volts. ond 2.9 and 0.9 percent lor 500,000- 
microvolt input 

positive half-cycle during which the 
signal exceeds the grid bias. 

The negative bias thus developed 
across grid leak i?, by grid rectifica¬ 
tion is applied to the control grid to 
limit the increase in space current. 
During a noise peak, then, the ef¬ 
fective positive instantaneous volt¬ 
age on the grid is the difference be¬ 
tween the rectified voltage across 

(maintained by charging CO and 
the positive half-cycle voltage of the 
noise peak, with limiting effects in 
the plate circuit due to plate satura¬ 
tion. 

On the negative half-cycle of r-f 
input, grid cutoff limits the change 
in plate current of the tube. The 
phase shift from grid to plate cir¬ 
cuit results in the positive noise 
peaks applied to the grid of the 
third r-f amplifier tube appearing 
as modified negative peaks at the 
grid of the fourth r-f amplifier, 
where they are further limited by 
grid cutoff, tHe positive peaks at 
this point being also limited in the 
fourth amplifier plate circuit by 
saturation effects. The combined 
effect of the two limiter tubes thus 
is to limit both peaks of applied r-f 
voltage, whether due to signals or 
noise peaks. 

Conventional bypass capacitors 
and screen filters are not shown in 
the circuit diagram but are actually 
used in the circuits themselves. The 


detector, an infinite-impedance or 
cathode-follower type, is used pri¬ 
marily for its low output impedance, 
and does not provide any desired 
limiting action. This saturation- 
type limiter is useful chiefly for c-w 
reception at very low carrier fre¬ 
quencies, though with a suitable 
saturation limit and an exception¬ 
ally good avc system controlling the 
preceding r-f gain to just below 
limiting level on the desired signal, 
distortion on mew reception can be 
kept low over a considerable range 
of carrier input values. 

Use is made in f-m receivers of 
similar limiting in the i-f system, 
except in those having limiting dis¬ 
criminators of the ratio type. Such 
i-f limiters usually do not, however. 



FIG. 16—A-I saturotioii-type output limitor 


utilize voltage dividers. They are 
designed for higher limiting levels 
than the circuit of Fig. 14, and op¬ 
erate to reduce amplitude variations 
of the f-m carrier appearing at the 
discriminator to the greatest prac¬ 
ticable extent. The avc voltage may 
be taken from the final limiter grid 
resistor, or the preceding one if 
there is more than one limiter stage. 

Figure 16 shows the resonant 
overload and distortion characteris¬ 
tics of a receiver utilizing this type 
of limiter and oscillogram of the let¬ 
ter V as received at 16 kc from an 
overseas transmitter in the pres¬ 
ence of 12-volt noise peaks. 

A-P Satttrotioa«Typ« Ovtpuf Llmlfgr 

Control of the saturation level of 
the a-f output pentode tube at vari¬ 
ous screen, plate, and control grid 
voltages provides audio output lim¬ 


iting action without use of addi¬ 
tional tube circuits (Fig. 16). A 
low-pass filter filters out 

distortion produced in the output 
stage; its cutolf frequency is 1,200 
cps, and hence for a 1,000-cps tone 
signal the harmonics will be filtered 
out to a considerable degree. 

The control grid, screen, and 
plate voltages in this limiter are 
varied by a double-pole switch that 
contacts taps on resistors A and 
/? 4 . The voltages thus obtained 
maintain the gain below saturation 
fairly constant for all switch set¬ 
tings, while at the same time per¬ 
mitting control of the limiting 
level. This circuit is useful for c-w 
reception only. Below limiting 
threshold, there is a change in gain 
of about 3 db for a 20-db range of 
limiting threshold. It is highly de¬ 
sirable with output limiters that the 
gain below limiting threshold re¬ 
main as nearly constant as possible 
for all settings of the threshold 
control. 

Modified A-P Saturotlon-Typo Limitor 

By using a partly fixed-bias and 
partly self-bias arrangement in the 
cathode circuit of the output tube, 
output saturation threshold control 
is obtained in the circuit of Fig. 
17 by varying only the common d-c 
plate and screen grid voltage sup¬ 
ply to the tube. This 4s done in 
steps giving changes of 5 db in 
output limiting level. Resistor Ri 
in the control grid circuit of the 
output tube reduces a-c loading, and 
prevents excessively high direct 
current through the secondary 
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winding: of the interstage a-f trans¬ 
former when rectification occurs in 
the grid circuit of the output tube. 
This limiter is useful for c-w re¬ 
ception only. There is some loss 
in gain below limiting threshold for 
the lower levels of limiting, amount¬ 
ing to about 5 db for about 21 db 
of threshold adjustment. 

Interttag# A-F Output Limiter 

The circuit of Fig. 18 obtains its 
output limiting effect in the a-f 
stage preceding the output stage, 
and employs some degenerative 
feedback to the limiting amplifier 
from the output amplifier as an aid 
in maintaining the gain below the 
limiting threshold as nearly con¬ 
stant as possible. 

Limiting is done interstage pri¬ 
marily because of the low limiting 
level of 60 microwatts required in 
this case for the minimum thres¬ 
hold value, this low level being 
difficult to obtain with the audio 
output tubes usually incorporated 
in Navy receivers. For a limiting 
level range of 20 db, this circuit 
gives a change in gain below thres¬ 
hold of about 10 db, and a change 
of 16 db for a limiting level range 
of 80 db. These comparatively 
large losses in gain for the lower 
limiting levels are due to the low 
minimum limiting level required. 

Full-Wavu Shunt A-F Output Llmltur 

Two diodes in a single 6H6 en¬ 
velope, connected interstage as in 
Fig. 19, serve as a full-wave shunt 
type of audio output limiter. One 
diode shunts plate load E 4 of the 
interstage a-f amplifier tube for the 


positive and the other for the nega¬ 
tive half-cycles of the audio signal. 
The diodes are biased in series with 
a d-c voltage obtained from 
which thus controls the threshold 
level above which they become con¬ 
ductive on audio peaks. The diode 
impedance when conducting at the 
usual operating audio voltage levels 
involved averages only a few thous¬ 
and ohms (the actual value depend¬ 
ing mainly on the resistance of that 
part of Ej between the variable con¬ 
tact and ground, plus E 9 , and also on 
the audio voltage values), so that 
the plate load of the preceding am¬ 
plifier drops from a value of about 
250,000 ohms below limiting thres¬ 
hold to perhaps 5,000 ohms during 
limiting action. 

With a high plate-impedance 
tube, such a load change will pro¬ 
duce about 30 db less amplification 
above the limiting level than below 
it. This loss of amplification, com¬ 
bined with normal saturation ef¬ 
fects in the preceding amplifier 
tube, limits the output peak voltage 
to a value that cannot exceed the 
d-c limiting bias of Er by any con¬ 


siderable amount. This limiting 
system is considered to be among 
the best of the audio output limiters 
for c-w reception. For a limiting 
level range of about 20 db, the 
change in gain below limiting thres¬ 
hold is only 2 or 3 db. 

Figure 20 shows the resonant 
overload characteristics of this type 
of limiter as used in a typical re¬ 
ceiver. The change in gain from 
LIMITER OFF to ON condition is 
caused by switching out a pad in 
the a-f amplifier system. 

The circuit shown in Fig. 21 was 
used to investigate the possibility 
of providing output limiting with¬ 
out serious audio distortion by vir¬ 
tue of exponential nonlinear re¬ 
sponse, the theory being that a 
logarithmic increment in output for 
a linear increment of input would 
not cause distortion sufficient to 
destroy intelligibility. 

Logorithmic Llmlf^r or Compmtor 

The arrangement consists of a 
two-stage a-f amplifier, with degen- 
er'ative feedback from the plate cir¬ 
cuit of the output tube to the 
cathode of the preceding stage. Two 
diodes are connected in series with 
the feedback path, in such a way 
as to provide a path for both posi¬ 
tive and negative half-cycles of the 
feedback voltage. Potentiometer 
Rio across a battery provides d-c 
bias to the diodes for setting the 
limiting level. The diode d-c circuit 
resistance is kept low to take ad¬ 
vantage of low diode internal im¬ 
pedance values varying at an 
exponential rate with applied 
voltage. Using the diodes in this 



FIQ. IS—•hunt o4 output llmltor 










636 


aECTRONICS MANUAL FOR RADIO ENGINEERS 



FIG, 20—^R«fonant ortrload choractorittlcs 
ol r*e«iT«r tiling full-wcnri ihtml o-f out> 
put limitir on c*w oporation with unmodu^ 
Icrtod 500-Jrc input and 1,000-cfcIo output. 
Curroi continuo •■lontially flat out to 2 
Tolti Input 

manner as feedback impedances is 
equivalent to varying the feedback 
percentage from a low value to a 
maximum as the instantaneous 
feedback voltage rises, with the re¬ 
verse effect as the instantaneous 
feedback voltage falls. 

When the instantaneous feedback 
voltage exceeds the region relative 
to diode impedance wherein that 
impedance is effective in determin¬ 
ing feedback current, the circuit 
returns to linear operation. Within 
the nonlinear portions of the output 
characteristic, this circuit pro¬ 
duces considerable distortion on 
speech or music but does not de¬ 
stroy intelligibility. Noise inter¬ 
ference is reduced substantially, 
and almost as effectively in some 
cases as with a series noise-peak 
limiter, if the desired signal is kept 
within the first linear portion of the 
output characteristic while noise 
peaks extend into the compressed 
region beyond. 

Figure 22 shows t 3 rpical char¬ 
acteristic curves obtained with this 
limiter arrangement. 

Other Liinifer Arron9eiii#iiti 

If a frequency-modulation re¬ 
ceiver employing a discriminator 
of, perhaps, tlJe Foster-Seeley type 
is tuned to amplitude-modulated 
signals, two peaks of maximum re¬ 
sponse will usually be evident, cor¬ 
responding to the two points of 
maximum discriminator current. 
Since the two halves of the dis¬ 
criminator characteristic are the 
result of the differential voltage de¬ 
rived from two opposing detectors, 
the noise output of such a discrim¬ 


inator will be relatively low with 
no signal input as compared to an 
ordinary amplitude detector pre¬ 
ceded by the same amplifiers. The 
discriminator provides a somewhat 
better signal-to-noise ratio on an 
amplitude-modulated signal tuned 
to one of the peaks of discriminator 
response, which is particularly ap¬ 
parent with relatively low modula¬ 
tion frequencies (narrow discrimi¬ 
nator characteristic), and espe¬ 
cially on keyed c-w signals. It 
should be noted that the discrimina¬ 
tor used in this way reduces the 
useful bandwidth of the overall 
selectivity characteristic preceding 
it to about half of what it would 
otherwise be with the usual a-m 
detector. 

The discriminator may be fol¬ 
lowed by a low-pass filter cutting off 
at about 200 or 300 cps and a d-c 
amplifier (capable of passing up to 
these frequencies) which operates 
a keyer tube controlling a local tone 
oscillator. Such an arrangement is 
capable of providing some really 
startling performance on keyed c-w 
signals in the presence of noise in¬ 
terference which would make re¬ 
ception with the usual receiving 
system, even with noise-peak lim¬ 
iters, absolutely hopeless. The use 
of the local keyer circuit eliminates 
one of the two peaks of reception, 
since the discriminator output 
polarities are opposite for its two 
maximum response points and the 
usual keyer tube circuit is arranged 
to respond to one polarity only. This 
scheme is subject to various disad¬ 
vantages when adapted to a conven¬ 


tional a-m receiver, such as com¬ 
plexity and rather critical operat¬ 
ing adjustments, but within its 
limitations has much merit. Figure 
23 is typical of such circuits. The 
similarity of this arrangement to 
receiving systems for frequency- 
shift keyed signals is evident. 

Using an f-m discriminator for 
a-m reception is, of course, a varia¬ 
tion on the old proposal of provid¬ 
ing two reception channels, one 
receiving signal plus noise and the 
other noise only, with the outputs 
of the two channels appropriately 
opposed or bucking. This proposal 
in its usual form does not work 
satisfactorily, due to the inherent 
difficulties of balance between such 
channels and the difference between 
them in decay time of the noise 
wave trains. The success (rather 
limited) of the discriminator ver¬ 
sion is mainly due to having a very 
small percentage difference in fre¬ 
quency between discriminator peaks 
of response as compared to the 
proposal mentioned, to inherently 
automatic balance when the dis¬ 
criminator characteristid is sym¬ 
metrical, and to the single-channel 
amplifier preceding the discrimina¬ 
tor. 

Various other modifications of 
the general scheme of using a dis¬ 
criminator on a-m reception, some 
in conjunction with noise-peak and 
other limiters, have been evolved, 
and preliminary reports have indi¬ 
cated that considerable noise reduc¬ 
tion effects have been obtained. 
The number of circuits and compo¬ 
nents involved, unfortunately, ap- 
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FIG. 22—Typical choracterlitlc curvet lor 
receiver ueing loqorithmlc limiter, with 
ItOOO-cycie a-f input 


pears to have resulted in much 
additional bulk and complexity. 

A diode of the thermionic type 
may be considered, for the purposes 
of this report, as a unidirectional 
variable resistor in series with an 
internally generated d-c potential 
due to cathode emission. For in¬ 
stance, in the 6H6 type of diode, 
this apparent internal potential ap¬ 
pears to be about 1.2 volts and of 
such polarity as to result in electron 
flow from cathode to plate within 
the tube when the external plate-to- 
cathode path is completed. The 
effective value of the internal series 
resistance depends on both the d-c 
circuit resistance external to the 
diode and the external applied 
voltage. 

If there is an external d-c cir¬ 
cuit resistance of 1 megohm, for 
example, the internal resistance of 
each 6H6 diode is in the neighbor¬ 
hood of 600,000 ohms when 1 volt 
positive external potential is ap¬ 
plied to the plate (as by a rising 
noise-peak), while at 10 volts it is 
about 35,000 ohms, as shown in 
Fig. 24. The curve is drawn as an 
average of quite widely scattered 
measured values. 

Thus the measured shunting ef¬ 
fect of the limiter diode is not very 
appreciable in a circuit like that 
of Fig. 11 until the noise peak 
voltage appearing across it ap¬ 
proaches 10 volts. With a 1-volt 
desired signal also appearing across 
the detector diode load, it would 
seem to the operator as though the 
limiter were not functioning. In 
addition, during the period in which 


the limiter diode internal im¬ 
pedance is low, it provides a path 
effectively shunting out the resis¬ 
tance in the long time-constant 
circuit (/2a in Fig. 11), thereby 
accelerating the charging-up of 
As the voltage across Ci approaches 
that appearing between the limiter 
cathode and ground, limiting 
ceases. From these considerations, 
it is apparent that the shunt-diode 
type of limiter will be peculiarly 
vulnerable to the modulation en¬ 
velope set up by the longer wave- 
trains of interference occurring 
at the lower frequencies for a given 
pulse of excitation at the antenna. 

Inserting a suitable value of re¬ 
sistor in aeries wdth the limiter 
cathode, as in Fig. 12, will extend 
the charging time of C* when the 
limiter diode impedance is low, in 
addition to providing voltage 
divider action relative to the suc¬ 
ceeding a-f amplifier. It is for 
these reasons that the circuit of 
Fig. 12 out-performs the simple 
shunt limiter so greatly, although 
only approaching the performance 
of the simple series limiter. 

The series type limiter operates 
to open the circuit to the a-f ampli¬ 
fier. Once the internal potential 
of the limiter diode itself plus the 
external no-signal potential applied 
to this diode by the associated de¬ 
tector diode has been overcome (as 
it may be by a relatively weak 
signal or even by inherent receiver 


noise), further negative biasing of 
the limiter diode by a noise peak 
will open it, so that it becomes, in 
effect, an extremely high resistance, 
resulting in practically no signal 
being transmitted to the succeed¬ 
ing a-f amplifier. Precautions 
should be taken to avoid shunting 
the limiter diode by the stray ca¬ 
pacitance of wiring, switches, etc. 
Since the diode is open on noise 
peaks, it will not shunt the 
resistance of the long time-constant 
circuit {RiCi in Fig. 1) and so will 
not abrogate the functioning of 
that part of the limiter. This 
characteristic makes it of great 
value even in receivers designed 
for as low as 15-kc carriers. 

Where it is of importance, the 
diode internal potentials which may 
delay functioning of the series lim¬ 
iter in the presence of very weak 
signals may be bucked-out by, for 
instance, a suitable battery in series 
with the limiter cathode resistor. 
It should be noted that shunting 
this cathode resistance with any 
substantial value of capacitance in 
an attempt to obtain a capacitance 
voltage-divider for the open condi¬ 
tion of the limiter diode should be 
avoided, as it generally results in 
increased distortion of the desired 
signal. 

On weak signals, the insertion 
loss of the series limiter is per¬ 
haps 3 db, while on strong signals 
there is practically no such loss. 
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By insertion loss is meant the 
change in desired-signal gain of the 
receiver when switching from 
LIMITER OFF to ON condition, as 
measured with signal modulation 
percentage below the threshold of 
limiting. In the absence of noise 
peaks exceeding the preset thres¬ 
hold of limiter action, the limiter 
diode is biased to closed condition 
by a relatively low external voltage 
when a weak signal is present, re¬ 
sulting in a high value of internal 
resistance in this diode, with atten¬ 
uation of input to the succeeding 
amplifier by voltage divider action. 
On a strong desired signal, how¬ 
ever, the external diode biasing 
voltage is much higher, with much 
lower diode internal resistance, and 
the insertion loss is minimized. 

Crysfol Diedei 

Diodes of the crystal type may 
be utilized in place of the thermio¬ 
nic type in the various limiter cir¬ 
cuits designed for diode use. For 
such purposes, the crystal must be 
capable of operation without dam¬ 
age at relatively high impressed 
voltages and fairly large instanta-* 
neous currents. Crystals of the 
silicon and similar varieties are 
therefore unsuitable, due to their 
inadequate voltage and current 
handling capabilities, but germa¬ 
nium crystals may be considered 
for such service. It should be re¬ 
membered, however, that the vari¬ 
ous crystal diodes have relatively 
low back resistance compared with 
thermionic diodes, and also that 
their inverse current characteris¬ 
tics have peculiarities of slope that 
cannot be neglected in some applica¬ 
tions. Further, since the back- 
resistance is relatively unaffected 
by the d-c load resistance with 
which the cryst^ is used, while the 
forward resistance increases with 
increased load resistance, the actual 
values of resistance incorporated 
in limiter circuits using crystal 
diodes become of prime importance 
in determining limiter effective¬ 
ness. The temperature-sensitivity 
of crystal diodes will also hav^ to be 
seriously considered for some 
applications. 



FIG. 24 -Diode internal reiietance at va- 
rious external load resistance! and applied 
d'C potentiols. for o 6H6 diode element. 
Values are derived on basis of 1.2 volts 
diode apparent internal potential 

In general, it is desirable to have 
control of the a-f gain following 
instantaneous limiters of any type. 
This, of course, is normal for AVC 
ON operation, but should also be 
true for avc OFF or c-w operation. 
The shunt limiters operate better 
with low a-f gain following, and 
with a high r-f input level at the 
associated detector. The series 
diode limiters are usually inopera¬ 
tive, as regards limiting, until their 
internal diode potentials are ex¬ 
ceeded, something also most readily 
accomplished with the highest pos¬ 
sible signal input to the detector. 

Pregrassive Limifiiig in AmplIRnrs 

All amplifiers are, of course, lim¬ 
iters as their maximum output 
capabilities are approached. Ad¬ 
vantage can be taken of this char¬ 
acteristic to prevent blocking, or a 
decrease of signal output from a 
receiver with increasing input dur¬ 
ing AVC OFF operation. The average 
r-f pentode of the semi remote or 
remote cutoff type will withstand 
an r-f input of about 10 times the 
value required to just initiate ap¬ 
preciable overload before its maxi¬ 
mum output begins to drop. For 
example, by appropriate choice of 
plate load, it is possible even with 
normal d-c electrode potentials to 
have the i-f amplifier preceding a 
last i-f stage begin to overload be¬ 


fore the last i-f stage begins to 
block, to have the amplifier preced¬ 
ing the next-to-last begin to over¬ 
load in its turn, etc. 

With five properly designed i-f 
or r-f stages preceding the final 
detector, for instance, it is possible 
to provide satisfactory protection 
against blocking in this way over a 
range of about five orders, or 100,- 
000 time.s the input which initiates 
overloads of the last i-f stage. 
While of maximum utility on c-w 
operation, such a characteristic will 
also be of use on mew operation 
with avc off. since even though 
distortion of voice signals is very 
high, their pre.sence will neverthe¬ 
less be evident. This means can 
also be very useful in protecting 
detectors and audio limiters against 
excessive overdrives which tend to 
abrogate their characteristics. 

Linear Deteetlon 

Linear detection is to be pre¬ 
ferred for the final detector stage, 
not only for the reasons of low dis¬ 
tortion and discrimination against 
weak un desired signals in the 
presence of relatively stronger de¬ 
sired ones, but also because of be¬ 
havior with regard to noise. In the 
linear region of detection, increase 
in the signal input level to the de¬ 
tector will not be accompanied by 
substantial increase in the noise 
output due to internal noise modu¬ 
lation of the carrier within the re¬ 
ceiver, a highly desirable condition. 

Desirable A-F Amplifier Choraeterlstlcs 

The frequency response of the 
a-f amplifier following the detector 
should be restricted to a range not 
exceeding the requirements for 
satisfactory voice reproduction, or 
the fidelity permitted by the selec¬ 
tivity preceding the final detector, 
whichever is the lesser. The high- 
frequency cut-off for good voice 
intelligibility is, however, about 
3,500 cps, and the selectivity pre¬ 
ceding the detector should not, in 
general, abrogate this requirement. 

Audio systems which have poor 
transient reproduction characteris¬ 
tics may tend to magnify the effects 
of noise pulses. The tendency 
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toward damped oscillations or hang¬ 
over on sharp peaks of input in 
such systems may be reduced by 
the use of low-impedance output 
tubes (triodes) or by a suflicient 
degree of degenerative feedback 
from the output, and also by the 
provision of properly designed 
output transformers, properly 
loaded. 

Circuit Diagromt 

The circuit diagrams in this re¬ 
port have been prepared with the 
intent of showing, as clearly as pos¬ 
sible, the circuit configurations in 
their most readily comprehensible 
form. It has been the author’s expe¬ 
rience that this is absolutely essen¬ 
tial for an understanding of limiter 


ciiTuits particularly, and seemingly 
novel circuit arrangements have 
often rewealed their similarity to or 
identity with one of those covered 
in this report upon redrawing. 

Concluflons 

From the overall viewpoint of 
simplicity, effectiveness, and low 
distortion, the series-type noise- 
peak limiter appears to be the best 
choice for mew operation, while 
from the standpoint of effective 
limiting, minimum change of gain 
below limiting threshold over a 
wide threshold range, and relative 
simplicity, the full-w'ave a-f shunt 
output limiter appears best for c-w 
operation. The former may be 
combined with the latter for even 


more effective operation on c-w 
signals. 

It should be remembered that no 
limiter is a cureall. When noise- 
peaks do not substantially exceed 
the desired carrier peak values and 
occur so frecpiently that they fill in 
the modulation, only some of the 
very elaborate limiter arrange¬ 
ments, such as, for instance, the 
discriminator-keyer combination 
types for c-w reception, will afford 
any considerable degree of relief. 
Within their inherent limitations, 
however, those limiters recom¬ 
mended above can be very useful 
additions to the communication re¬ 
ceiver, and also to the broadcast 
receiver which must work under 
conditions of high ambient static 
or similar disturbances. 


Simplified Single-Sideband Reception 

Accessory designed for use with a conventional communications receiver exhibits advan¬ 
tages when receiving ordinary code signals, as well as single-sideband phone. Selectivity is 
approximately doubled by employing a demodulating oscillator, balanced detector, two 
90-degree audio phase-shift networks and a low-pass filter 


itTTENTION has recently been 
jbIL drawn to 90-degree wideband 
audio phase-shift networks as a 
mearis of generating single-side- 
band radio signals.' Filters of the 
R-C type, such as those described 
by Dome*, are simple and inexpen¬ 
sive to make. Moreover, radio 
transmitters incorporating them 
are flexible and easier to adjust 
than the conventional variety using 
sharp band-pass filters. It is rea¬ 
sonable to expect, in the light of 
these and other developments* *, a 
re-evaluation of the possibility of 
applying single-sideband transmis¬ 
sion to a much wider group of ra¬ 
dio services (aircraft, police, mili¬ 
tary and amateur) than those at 
present enjoying its advantages. 

Practical 90-degree networks 
make possible an equally important 
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simplification in single-sideband 
receiving technique. An arrange¬ 
ment is described in this article 
whereby the effective intermediate- 
frequency bandwidth of a radio 
receiver can be made exactly that 
of the passband of a low-pass audio 
filter, instead of approximately 
twice that passband as in conven¬ 
tional a-m practice. This tech¬ 
nique, in effect, makes possible the 
design of single-sideband receivers 
in which audio selectivity is the 
equivalent of i-f selectivity. As a 
result, the cost of receivers having 
a square-sided band-pass response 
of sufficient sharpness to take full 
advantage of the saving in band¬ 
width afforded by single-sideband 
transmission need not be greater 
than that of present-day communi¬ 
cation receivers. In addition, it 


is possible to convert existing 
equipment to take advantage of the 
new system. 

Advanroges 

The circuit to be described offers 
some advantages in the reception 
of conventional code signals. All 
incoming noise or code signals 
higher, or lower, in frequency than 
the final beating oscillator can be 
virtually eliminated from the out¬ 
put. The effective bandwidth of 
the receiver is thereby halved, 
since signals are heard on one side 
of zero beat only. Moreover, it is 
possible to select the side of zero 
beat on which signals are heard 
simply by throwing a switch. Al¬ 
ternatively, it is possible to listen 
to signals on the two sides sepa¬ 
rately and simultaneously. Two 
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FIG. 1—Block diagram Ulttstratlag basic 

■fstom 


operators can listen without mu¬ 
tual interference to two different 
sets of transmissions coming from 
the output of a single receiver, one 
hearing all signals higher in fre¬ 
quency than that of the beating 
oscillator and the other hearing 
all signals lower in frequency. In 
the same way the system may be 
used to separate multiple single¬ 
sideband transmissions; conversa¬ 
tions carried by the lower side¬ 
bands of a given suppressed carrier 
appear in one output channel, while 
those carried by the upper side¬ 
bands appear in the other. 


sideband is the desired difference 
frequency. It is important, in 
single-sideband detection, to avoid 
the production of beats between 
the sidebands themselves or beats 
between the sidebands and adja¬ 
cent interfering signals which 
might produce spurious audio-fre¬ 
quency output. Because this effect 
may readily take place with the 
first method as a consequence of 
the rectification process the sec¬ 
ond method is to be preferred for 
the present purpose because the 
incoming signal which is modulated 
by the local oscillation can be 
handled in a class-A amplifier pos¬ 
sessing as nearly linear a grid volt:>» 
age-plate current characteristic as 
possible. 

Let the demodulating oscillator 
voltage be expressed by j&,sin(D,f, 
and let an incoming sinusoidal sin¬ 
gle-sideband signal be 
The incoming signal is fed simul¬ 
taneously to two frequency con¬ 
verters. One of the converters is 
supplied with oscillator voltage 
and the other receives the same 
voltage shifted 90 degrees in phase, 
or £^iCos(o,L The output of the first 
converter is then 


The right-hand portion of the sec¬ 
ond expression is the upper side¬ 
band, in which we have no interest. 
If u>i>(Di, the left-hand portion is 
positive; if a>i<<!>•, it remains posi¬ 
tive because cos (—a) = cos a. The 
output of the second converter is 

e rn El cm coi i Et sin < 03 1 
m E\ Ei . . . 

wm - - — sm (t 4 )i — wa)I 4 - 

m E\ E'i . . , . 

—2- 

If the left-hand portion of 

the second equation is negative; if 
(i>i <<!>«, it becomes positive, because 
sin (—a) = —sin a. 

Thus the first converter gives a 
difference-frequency output whose 
relative phase may be thought of 
as not changing as the incoming 
frequency passes from lower to 
higher than that of the oscillator. 
The second converter on the other 
hand gives an output whose rela¬ 
tive phase does change by 180 de¬ 
grees as zero beat is crossed. Now, 
by means of a 90-degree wideband 
phase shifter it is possible to delay 
the audio output of the second con¬ 
verter until it becomes 


Circuit Opurotion 

Operation of the circuit is easily 
explained. First, it must be re¬ 
membered that detection is essen¬ 
tially a process of frequency 
conversion. Signals become intel¬ 
ligible as soon as they are translated 
from the radio-frequency spectrum 
down to their correct place in the 
audio-frequency range. 

Frequency conversion can be ac¬ 
complished by either of two meth¬ 
ods that are ordinarily equivalent 
but which have an important dis¬ 
tinction from the standpoint of 
the present dj|M;ussion. Basically, 
it is desired to generate difference 
frequencies falling in the audio 
range by combining an incoming 
radio-frequency signal with a local 
oscillation. The desired difference 
frequencies can be generated by 
superposition of signal and local 
oscillation and rectification of the 
resulting envelope, or by modula¬ 
tion of signal by local oscillation 
(or vice versa) whereby the lower 
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This voltage, if added to the out¬ 
put of the first converter when 
u>, ><!>(, will produce cancellation, 
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whereas if u>i<o>, direct addition 
results. Thus, by means of a 90- 
degree wideband phase-shift net¬ 
work and two detectors fed by ra¬ 
dio-frequency voltages in phase 
quadrature, it is possible to reject 
signals on one side of the beating 
oscillator and pass those on the 
other. 

A block diagram of the basic 
method is shown in Fig. 1. 

Practical Applicofion 

Balanced detectors are used in 
the practical circuit in order to 
reduce the likelihood of demodu¬ 
lating beats between components 
of the incoming signals, in addition 
to the beats between this incoming 
spectrum and the local oscillator. 
The balanced arrangement is par¬ 
ticularly important where strong 
adjacent-channel interference may 
be encountered and where detec¬ 
tion is done at relatively high sig¬ 
nal levels (of the order of tenths 
of a volt.) Under these conditions 
curvature of the grid-voltage plate- 
current characteristic of most 
vacuum tubes will produce appre¬ 
ciable even-order distortion and 
even-order sum-and-difference fre¬ 
quencies. These effects result in 
spurious audio output since they 
may be produced by two radio fre¬ 
quencies anywhere in the input 
signal spectrum. 


The balanced detector arrange¬ 
ment eliminates even-order distor¬ 
tion but does not affect odd-order 
distortion and odd-order sum-and- 
difference frequencies arising from 
the rate of change of curva¬ 
ture of the grid-voltage plate-cur¬ 
rent characteristic* However, odd- 
order distortion may be minimized 
by using tubes of the remote-cut¬ 
off type which are especially de¬ 
signed to have a low rate-of-change 
of curvature. The balanced de¬ 
tector using remote-cutoff tubes 
such as the 6L7 makes it possible 
virtually to dispense with i-f se¬ 
lectivity provided a highly selec¬ 
tive audio filter is used, since only 
those beats between local oscilla¬ 
tor and incoming signals which 
fall within the passband of the 
audio filter will be heard. 

The 90-degree phase shift be¬ 
tween the demodulating voltages 
fed to the injector grids of the 
pairs of detector tubes in Fig. 2 is 
conveniently obtained by taking ad¬ 
vantage of the quadrature rela¬ 
tionship between voltages across 
two coupled circuits tuned to res¬ 
onance. For convenience in ad¬ 
justment, a buffer tube is employed 
between the oscillator and the 
coupled circuits in the actual unit, 
since tuning the coupled circuit 
would otherwise affect the oscil¬ 
lator frequency. 


The two 90-degree audio phase- 
shift networks shown are identical. 
While a network of this type pro¬ 
duces two output voltages having a 
phase difference of nearly 90 de¬ 
grees over a wide range of frequen¬ 
cies, the phase of these output 
voltages themselves bears no fixed 
relationship with that of the com¬ 
mon input. It is therefore necessary 
to use two identical networks in 
order to obtain two voltages be¬ 
tween which a 90-degree phase ex¬ 
ists, assuming the two separate 
input channels to be in phase. In 
practice the phase of the two chan¬ 
nels may be arbitrary, and a quadra¬ 
ture relationship is actually used. 

Employment of two identical 800 
to 3,000-cp8 networks connected to 
the outputs of the two balanced 
detectors also prevents any ampli¬ 
tude unbalance affecting the de¬ 
gree of undesired-signal cancella¬ 
tion arising from the variation in 
input impedance of each filter with 
frequency. Variation may affect 
the overall frequency response, 
since the 6L7 tubes may be con¬ 
sidered as constant-current gen¬ 
erators whose output voltage is 
proportional to the output imped¬ 
ance, but it does not affect the 
ratio of the outputs of the two 
detectors and therefore cancella¬ 
tion of the undesired signal. When 
the primaries of the audio trans- 
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formers are loaded with resistances 
low enough to damp out transfor¬ 
mer resonances, it is found that the 
input impedance of the phase- 
shift networks has a negligible 
effect on the overall frequency 
response. 

Figure 3 shows the complete 
schematic diagram of a single¬ 
sideband detector which may be 
added to a standard communica¬ 
tions receiver. Connection is made 
by removing the receiver's second 
detector tube, plugging in an 
adapter, and then plugging the 
detector tube into the adapter. A 
6C4 cathode follower couples i-f 
output into the single-sideband de¬ 
tector circuit without disturbing 
normal operation of the receiver 
except for a slight retuning of the 
secondary of the last i-f trans¬ 
former. 

Balancing controls for the two 
detectors are potentiometers in 
their cathode circuits. The second¬ 
ary of the i-f transformer con¬ 
nected to the 6SJ7 buffer tube is 
resistance-loaded in order to 
broaden the tuning and make the 
phase setting less critical. Variable 
resistors shunted across the second¬ 
aries of the output transformers 
provide a convenient means of 
equalizing the magnitude of the 
detector outputs. The low-pass 
filter used in the common output 
is a home-made m-derived affair 
cutting off at 2,500 cycles per sec¬ 
ond and designed for a 4000-ohm 
characteristic impedance. 

Circuit Adjustment 

Tuning up the circuit is straight¬ 
forward. The beat-oscillator volt¬ 
age at the 6L7 grids can be set at 
15 volts just as in conventional 
converter service. Detector bal¬ 
ance is determined by turning off 
the oscillator and removing or dis¬ 
connecting one pair of 6L7's. A 
strong steady signal, such as that 
from a broadcasting station, is 
tuned in and the balancing re¬ 
sistor of the remaining pair of 
tubes adjusted for minimum audio 
output. This process is then re¬ 
peated with the first pair of tubes. 
With the correct adjustment the 


detector should produce a deafen¬ 
ing output with the oscillator 
turned on, whereas there should be 
no audible output at all with it off. 

Adjustment of the radio-fre¬ 
quency phase of the local-oscillator 
signal at the second balanced de¬ 
tector is easily made. With the 
secondary of the i-f transformer 
tuned for maximum voltage at the 
6L7 injector grids the phase is ap¬ 
proximately correct. This condi¬ 
tion can be verified by connecting 
the horizontal and vertical plates 
of an oscilloscope to the secondaries 
of the audio-output transformers. 
If the amplitude balance is approx¬ 
imately correct a steady a-m signal 
such as a broadcast station will 
give a weaker beat note on one 
side of resonance than on the other. 
Tuning to the weaker side, the 
amplitude balance is set for great¬ 
est rejection and likewise the 
radio-frequency phase setting 
touched up. For any given pitch 
of beat note the balance may be 
made complete and the beat elim¬ 
inated completely by adjustment 
of phase and amplitude. The pro¬ 
cedure is exactly like that of bal¬ 
ancing a bridge. However, since 
the 90-degree networks do not give 
a perfect 90-degree phase shift as 
well as a perfect amplitude bal¬ 
ance at all frequencies it will be 
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found that the rejection, while per¬ 
fect at one frequency, is imperfect 
at others. As a compromise, it is 
best to adjust for complete can¬ 


cellation at a frequency in the vi¬ 
cinity of 1,000 or 2,000 cycles, 
where the ear is most sensitive. 

The laboratory model for which 
the schematic is given could be 
considerably simplified. Dual tri- 
odes or even detector crystals could 
be substituted for the 6L7 mixers. 
If mixing is done at low enough 
levels the balanced connection could 
probably be dispensed with. The 
local oscillator could be simplified 
and the buffer tube eliminated by 
making the oscillator a pentode 
tube with electron coupling be¬ 
tween the frequency-determining 
elements and the plate circuit to 
which the i-f transformer would 
be connected. 

Figure 4 is an attempt to illus¬ 
trate the properties of the circuit 
by means of the familiar fre¬ 
quency-modulated oscillator tech¬ 
nique. Owing to the presence of 
the demodulating oscillator there 
is displayed on the oscilloscope 
screen a continuously-varying au¬ 
dio beat between the frequency- 
modulated test oscillator and the 
steady demodulating oscillator. 
The audio-frequency waveform has 
random phase because the two os¬ 
cillator phases are unrelated, and 
hence does not remain stationary. 
The envelope of this waveform is 
an indication of the overall selec¬ 
tivity curve of the detector cir¬ 
cuit. It is not entirely representa¬ 
tive because at the oscillator sweep 
speeds available, transient response 
effects in the sharp-cutoff audio 
filter considerably distort the en¬ 
velope. The patterns show spuri¬ 
ous humps and are not as sym¬ 
metrical as would be the case if 
the response curve had been plotted 
with a very slow rate-of-change of 
sweep-oscillator frequency. Rejec¬ 
tion of the undesired signal is il¬ 
lustrated by the oscillograms. 
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Single-Signal Single-Sideband Adaptor 


An ordinary superheterodyne re¬ 
ceiver will demodulate a single side¬ 
band signal and its accompanying 
carrier so long as the ratio of car¬ 
rier amplitude to sideband ampli¬ 
tude is kept sufficiently large, 
though not without distortion. If, 
however, the carrier is attenuated 
below a critical value, complete un¬ 
intelligibility will result. Com¬ 
mercial single-sideband transmit¬ 
ters now in operation attenuate the 
carrier 20 db below the sideband 
level to conserve power and 
simplify equipment. 

If a communications type of re¬ 
ceiver is used to demodulate this 
type of signal some means of 
carrier reinforcement in the re¬ 
ceiver is necessary. This can be 
done conveniently at the intermedi- 


By E. W. ROSENTRETER 

ate frequency by using the re¬ 
ceiver's beat frequency oscillator to 
exalt the carrier. Exact tuning is 
required, as well as excellent stabil¬ 
ity of transmitter frequency, re¬ 
ceiver local oscillator frequency and 
beat frequency oscillator. If the 
frequency of any of these varies, an 
audio beat will be produced. 

If the carrier is completely sup¬ 
pressed, then the received single¬ 
sideband signal can be satisfac¬ 
torily demodulated only if the beat 
frequency oscillator supplies the 
missing carrier. The critical value 
between the synthetic carrier and 
the signal must be maintained or 
exceeded for acceptable results. 
Since it is difficult to control accu¬ 
rately the frequencies of the oscil¬ 
lators in both transmitter and 


Receiver, other arrangements usu¬ 
ally are resorted to in conventional 
single-sideband receivers. 

Figure 1 shows in block form a 
simple receiver system using low- 
frequency filters. With this ar¬ 
rangement, double conversion is 
necessary to change the higher 
radio frequencies used for com¬ 
munications down to the frequency 
of the filter. 

The purpose of the two oscil¬ 
lators is to enable the pass-band 
filter to accept the desired side¬ 
band, whether it be upper or lower. 
This is done by switching one or 
the other oscillator into the second 
converter circuit. 

Another single-sideband system, 
relatively simple in circuit ele¬ 
ments, is shown in Fig. 2. This 
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FIG. 1—^Filter typ* of singlo-sidebond 
receiver 


arrangement is used in the General 
Electric Single Sideband Selector. 
Reception of a single-sideband sig¬ 
nal with or without carrier, and 
selection of one or the other side¬ 
band in a conventional a-m signal, 
are among the types of transmis¬ 
sion which the system handles. 

Principlo of Oporatien 

Assume that a conventional a-m, 
double sideband signal is being re¬ 
ceived. Referring to Fig. 2, the 
signal from the receiver i-f chan¬ 
nel, containing carrier and both 
sidebands, is fed into two special 
detectors; 1 and 2. Voltage from 
an oscillator operating at the same 
frequency as the i-f channel is also 
fed into the two detectors. A fixed 
phase shift of 90 degrees exists be¬ 
tween the oscillator voltage applied 
to detector 1 and detector 2. 

The oscillator voltage, or synthetic 
carrier, is many times greater 
in magnitude than the incoming 
signal voltage. Thus the two de¬ 
tectors demodulate the incoming 
signals at an effective low modula¬ 
tion factor and distortion products 
are small. Identical audio signals, 
corresponding to the sideband in¬ 
telligence are obtained from the 
two detectors, except for a 90-de¬ 
gree phase ^ difference between 
them. The amplitude of these sig¬ 
nals is directly proportional to the 
amplitude of the sideband intel¬ 
ligence. 

The audio voltages are fed into 
phase-shift networks A and B, 
where they undergo an additional 
90-degree relative phase shift. The 
two outputs are fed into a sum and 
difference circuit, where they are 
added or substracted algebraically. 


It can be shown that the sum con¬ 
tains only upper sideband informa¬ 
tion, for example, and that the 
difference contains only lower side¬ 
band information. (See: Simpli¬ 
fied Single-Sideband Reception 0. 
G. Villard, Jr. Electronics, May 
1948.) Selection of one or the 
other is easily done by a switch, 
which selects the additive or sub¬ 
tractive process. The same switch 
also selects an output containing 
both sidebands. 

Lattice Networks 

Since the oscillator operates at 
one frequency only, it is quite 
simple to create and maintain a 90- 
degree phase shift of its voltage 
for application to detector 2. To be 
of any practical value, the side¬ 
bands must be wide enough to 
carry the desired intelligence. Sup¬ 
pose for instance that an audio 
voice frequency range of 100 cycles 
to 4,000 cycles is desired. Then the 
two sidebands will each be up to 
4,000 cycles wide, so that the A and 
B networks must maintain a 90- 
degree phase difference over the 
full 100 to 4,000-cycle audio band. 
The wideband phase-shift networks 
were devised by R. B. Dome, and 
were described in detail in Elec¬ 
tronics, December 1946. Briefly, 
the manner in which they function 
is that phase shift increases nearly 
linearly with the logarithm of the 
frequency. Thus 

Phase A = A -h log / 

Phase B = nr -f log </ 
Substracting phase B from phase A 
«^A - 4»B = K -f log / -K - log tf 
= log / — log / — log t 
= —log t 

where K and t are constants 
and f is the frequency. Thus the 


difference in phase shifts between 
A Network and B Network is a 
constant, regardless of frequency. 

With two networks composed of 
three RC lattices as shown in Fig. 3 
and through proper choice of com¬ 
ponent values, a frequency cover¬ 
age ratio of 100 to 1 may be accom¬ 
plished. Figure 4 shows that al¬ 
though the applied voltages undergo 
total phase shifts up to several 
hundred degrees, depending on fre¬ 
quency, the difference in phase shift 
between the two outputs is approxi¬ 
mately 90 degrees over a very wide 
range. This difference can be 
made to extend from 50 to 5,000 
cycles per second, or it may be from 
250 to 25,000 cycles per second, for 
example. 

The choice of frequencies of say 
50 to 5,000 cycles per second does 
not mean that the phase-shift net¬ 
works will not pass frequencies 
beyond this range (higher or lower 
in frequency). It means simply 
that the 90-degree phase difference 
is not preserved outside this range. 
Frequencies above or below will 
have a phase difference other than 
90 degrees and consequently, when 
applied to the sum and difference 
circuits, they will not combine alge¬ 
braically to add or cancel com¬ 
pletely. Incomplete suppression of 
the unwanted sideband correspond¬ 
ing to these extreme frequencies is 
the result. 

Operating Unit 

A single-sideband selector unit 
embodying the method shown in 
Fig. 2 and 3 is built for use in 
conjunction with existing a-m re¬ 
ceivers having a nominal i-f fre¬ 
quency of approximately 455 kc. 

The unit is attached to the re- 
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FIG. 3—Thr«e4attic» A or B phaso>shiit 
audio network 


ceiver by means of a small probe 
which is connected to the last i-f 
stage of the receiver through a 
short length of low-capacitance 
shielded cable. The high-impedance 
i-f signals are transformed to low- 
impedance level by means of the 
probe, and are then fed into the 
selector. The only other connec¬ 
tions between the receiver and the 
unit are two shielded wires for 
audio. 

The selector permits reception of 
single-sideband signals with car¬ 
rier, single-sideband signals with¬ 
out carrier, conventional a-m sig¬ 
nals (selecting the upper or lower 
sidebapd or both), dual single-side¬ 
band signals, that is, intelligence 
A on one sideband or intelligence B 
on the other sideband with carrier 
or attenuated carrier and conven¬ 
tional shortwave broadcasts em¬ 
ploying exalted carrier. 

Selection of any of these is done 
by four pushbuttons on the front 
panel. The phase-shift networks 


cover a frequency range of 70 to 
7,000 cycles per second. Therefore, 
the quality of reproduction is usu¬ 
ally only dependent upon the i-f 
pass-band characteristics of the 
receiver. 

Locked Occillotor 

Should the carrier frequency de¬ 
livered by the receiver tend to devi¬ 
ate from that of the selector’s oscil¬ 
lator, a d-c control voltage will be 
delivered by the combination of 
oscillator frequency, intermediate 
frequency, and detector. 

This d-c control voltage, ap¬ 
plied in a feedback loop back to the 
oscillator through a reactance tube, 
then serves to restore the i-f car¬ 
rier and oscillator to frequency syn¬ 
chronism. Moreover, the time con¬ 
stant in the d-c circuit provides the 
equivalent of memory; should the 
i-f carrier temporarily disappear 
because of selective fading or trans¬ 
mitter troubles, the locked oscil¬ 
lator will not get away. This is 
especially useful in weak-signal, 
transoceanic communications, and 
a must when the receiver is unat¬ 
tended over long time intervals. 

This feature minimizes the need 
for retuning against change in 
transmitter frequency, change in 
receiver local oscillator frequency, 
change in selector voltages or tem¬ 
peratures that normally would 
cause frequency drift. 



FIG. 4—Charactaristici of throo-latttco 
phaie-ihUt network 


Satisfactory locking action is 
produced when the carrier of the 
received signal, either because of 
suppression at the transmitter, or 
because of selective fading, is as 
much as 20 db below sideband level. 
When no carrier is transmitted, no 
locking or control voltage is gener¬ 
ated, so that retuning of the re¬ 
ceiver will be necessary from time 
to time. For this reason a small 
amount of carrier, say 1 or 2 per¬ 
cent of the sideband energy, should 
always be transmitted in single¬ 
sideband systems for use with this 
type of receiver. 

The locking circuit permits lis¬ 
tening to a weak signal, even though 
a strong signal is nearby (in fre¬ 
quency), without the selector 
oscillator being captured by the 
stronger signal The degree of 
selectivity which this makes pos¬ 
sible cannot be fully appreciated by 
ansrthing short of an actual listen¬ 
ing test in a band of crowded sig¬ 
nals. 


Tracking Permeability-Tuned Circuits 


T HB system of tuning shown in 
Fig. lA employs ganged, identi¬ 
cal variable capacitors with a series 
(padder) capacitor and a shunt 
(trimmer) capacitor to restrict the 
range of the oscillator section in su¬ 
perheterodyne receivers. It has its 
exact counterpart in permeability- 
tuned systems (ganged, identical, 
iron cores and coils) except that, on 
account of the inverse relationship 
between capacitance and inductance, 


By A. W. SIMON 

the series capacitor is replaced by a 
shunt coil, and the shunt trimmer 
by a series coil, as indicated in 
Fig. IB. 

The theory of tracking, or main- 
tainance of a constant frequency dif¬ 
ference between the r-f and oscillator 
sections, has been discussed for the 
case of ganged capacitors by various 
authors. Two general methods of 
analysis have been presented, one of 
which is based on the solution of a 


cubic equation,' and the other on the 
properties of an equilateral hyper¬ 
bola.* The latter method is much 
less laborious than the forpier, and 
is accordingly applied to the solu¬ 
tion of the permeability-tuned sys¬ 
tem problem. 

It should be noted, in connection 
with the circuit of Pig. IB, that the 
series coil L, could also be placed on 
the capacitor side of the shunt coil 
Lp, or coils could be placed in both 
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positions, without departure from 
three-point tracking. 

If the problem is treated accord¬ 
ing to the method of Roder, we com¬ 
pute three pairs of values ?/, ii rr 
1, 2, 8) according to the equations 

If - rn 

y. (2) 

where /« and F* represent a pair of 
corresponding signal and oscillator 
frequencies, respectively, at which 
perfect tracking is desired (taken 
preferably in ascending order) and 
from these in turn compute three 
auxiliary parameters o^o, Vu and K 
given by 


x„ = 1), /> 


(3) 

I/O 


(4) 

K = i 

T, — xo) (y. — 

ih) 

(5) 

where 




Ih « 

1 (xjy, - Xaya) 

1 {xiy-i - Xjy:,j 

(Xl - X2) j 

{Xt - Xa) 1 

(6) 


(yi - .V*-') 

(y-i “ yi) 

{xiVi - xiy^i) 1 
(xays - XaVi) | 

(7) 

/) - I 

1 1 

t 1 

(S) 



FIG. 1—Conventional ▼arloblo-copacltanco tunod r>f and loced otdl- 
lator circuits (A) and oquivalont pormoobility tunod circuits (B) os 
used in a suporhotorodyno rocolvor 


operations.) The computations are 
carried out in practical units, — 
cycles, farads and henrys. Let it be 
required to calculate L^, L. and Cs 
given that C, = 80/A^if, ft — 600 kc, 
/a = 1,000 kc and A — 1,600 kc, for 
an intermediate frequency of 455 kc, 
so that Ft = 1,055 kc, Fa = 1,466 kc. 
and F, = 1,956 kc. 

Eq. 1 and 2 yield 


the values of the auxiliary para¬ 
meters are 

a-o = 2.6884 X 10 ^ 

Vu = 1.6863 X 10' 

K - 1.7476 

SO that the required circuit para¬ 
meters are 

Lp = 1127.3 m/* 

L. « 26.88 
i\ - 45.777 mm/ 


The desired values of the circuit 
constants sought are then given by 


K/yo 

(9} 

- Xo 

(10) 

Ci/K 

(II) 


A numerical example will make the 
foregoing clear. (In practice the 
4x’ is best carried along as a factor 
since it cancels out in most of the 


4ir2r, - 3 4723 X 10 - 
y,/4T- - 80 .04 
x\y\ - 3 0917 
4ir2®t * 1 2500 X 10-^ 
y3/47r* - 169.36 
, -- 2 1170 

4ir^x., = 5 5556 X10 * 
yj/4ir- = 305,76 
X3V3 - 1 6987 
so that we have 

+ 2 6275 X 10-3 
- 99.39 

1) = - 2 47.35 


While the calculations are some¬ 
what lengthy, they involve none but 
arithmetic operations. The use of 
logarithms greatly shortens the 
labor of computation. 
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Tracking the Permeability-Tuned Circuits 


In a previous article’ - the author 
has given simple formulas for the 
calculation of the padder and trim¬ 
mer coils required to reduce to a 
minimum the mistracking between 
the oscillator and r-f sections of 
permeability - tuned superhetero- 
d3me receivers. By the application 
of these formulas, the maximum de¬ 
viation due to mistracking between 
sections can be reduced usually to 
less than 1 db. 


By A. W. SIMON 

There is another cause of mis¬ 
tracking, namely, the reactance cou¬ 
pled into the r-f section by the an¬ 
tenna circuit. While the effect of 
this reactance is not serious in the 
case of a rod or wire antenna, it 
becomes quite marked for the now 
widely used loop antenna, due to 
the higher degree of coupling used. 
However, the reasoning which un¬ 
derlies the deduction of the above 
mentioned formulas also suggests 



how the effect of the antenna cir¬ 
cuit can be neutralised. 
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The basic principle oT the perme- 
abiliiy-tuned circuit is that the 
inductance of the respective ganged 
coils be identical in every position, 
that is, at every frequency. The 
effect of the coupled reactance is to 
upset this condition. Hence a sim¬ 


ple solution suggests itself, namely, 
to couple into the oscillator section 
a dummy coil of the same induc¬ 
tance as that of the loop antenna. 
The reactance coupled into both sec¬ 
tions is then the same at every fre¬ 
quency and mistracking does not 


result. A typical circuit is shown. 
Here Li, Lt represent identical coils 
and cores, Lc Lc identical primaries 
wound over them, and La the 
dummy coil simulating the effect 
of the loop L. 

(1) Elkctkonith, 19, P 138, Soj)t. 1!M0. 

(2) Kadio, 30, p 20, Nov. JU4rt. 


Permeability Tuning of Broadcast Receivers 

Analysis of permeability-tuned series loop and transformer-coupled loop circuits. Per¬ 
formance is compared with that of the familiar capacitance-tuned high-impedance type. 
Coil-winding data for obtaining proper pitch for oscillator tracking are also given 


P ERMEABILITY tuning has been 
used widely in automobile re¬ 
ceivers and has been found to be 
very satisfactory for such use. The 
advantages to be gained by this 
method of tuning rather than a 
gang capacitor are: smaller size, 
lower cost, and improved signal-to- 
noise ratio when tuning a small- 
capacitance antenna. 

Of these advantages only lower 
cost would ordinarily be of great 
importance in the design of home 
receivers. Unquestionably, the 
greatest barrier to the wide accep¬ 
tance of permeability tuning is the 
degradation of loop performance 
which is encountered, particularly 
in small table models. 

At present there are two accepted 
methods of permeability tuning a 


By L. 0. VLADIMIR 

loop antenna. In both cases the 
loop must be of the low impedance 
variety and is usually constructed 
of two to four turns of heavy copper 
wire or ribbon. The two methods 
which we will consider are: 

1— The transformer-coupled cir¬ 
cuit wherein the loop is connected 
to a small primary winding which 
is coupled to a secondary winding 
which in turn is tuned by an iron 
core. The schematic diagram ap¬ 
pears in Fig. 1. 

2— The series loop circuit wherein 
the loop is connected in series with 
the tuning coil. The schematic dia¬ 
gram of this connection appears in 
Fig. 2. 

The analysis of the transformer- 
coupled circuit will follow very 
closely a previously derived method 


for the capacitance-tuned low-im¬ 
pedance loop'. The analysis of the 
series loop circuit will follow the 
method given by Polydorolf*. Gain 
and signal-to-noise ratio will then 
be compared for the two circuits 
and a further comparison made 
with the usual high-impedance ca¬ 
pacitance-tuned loop antenna. 

For the purposes of these com¬ 
parisons, a table model receiver hav¬ 
ing an area of 82 square inches 
available for the loop will be con¬ 
sidered. Knowing the loop area and 
the number of turns, the effective 
height of the loop is found from the 
formula 

s in microvolts per meter (1) 

A 

The effective height of the loop mul- 




FIQ. 1—TrcntforMr-cQiipM loop oliciilt 


FIG. 2—SorloB loop dreolt 
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Table I—Series Loop Circuit 


Frequency 
in kc 

Q 

Ix)Op Effective 
Height /XV/ni 

Figure of 
Merit 

Tuned Circuit 
Impedance, u>l/) 

1,500 

90 

0.0093 

0.836 

145,000 ohiTiH 

1,000 

95 

0.0062 

0.588 

231,000 ohms 

600 

110 

0.0037 

0.408 

418,000 ohms 


tiplied by the gain of the input cir¬ 
cuit is equal to the figure of merit of 
the loop. 

To find the thermal-noise pro¬ 
duced in the input circuit, the 
tuned circuit impedance must be 
known, and this will be calculated 
for each of the three type circuits 
compared here. 


To tune the complete broadcast 
band with some allowance for drift 
and misalignment, /«« must be at 
least 1,610 kc and at most 535 
kc. This is a frequency range of 
3.01 to 1 or the equivalent of a 9.06 
to 1 inductance change. Substitut¬ 
ing in Eq. 2 with a fi^tt of 10.3 for 
the variable pitch coil, 


Anolytit of Sorlos Loop Circuit 


The factor which determines the 
gain obtainable with the series loop 
is the tuning range available in the 
permeability-tuned coil. It was de¬ 
termined experimentally that a 
linear pitch, 130-microhenry, pro¬ 
gressive-wound coil on Bakelite tub¬ 
ing having dimensions of 0.206 inch 
I.D. and 0.226 O.D., tuned with a 
commercially available iron core 
whose dimensions are 0.200 inch 
diameter and 1.5 inch long, could 
be made to have an inductance 
change of 11 to 1. 

Inasmuch as the dial calibration 
which can be obtained with a linear 
pitch coil was found to be somewhat 
more crowded at the high-frequen¬ 
cies than is usual with a tuning 
gang and since this crowding was 
deemed to be unsatisfactory, a vari¬ 
able-pitch coil having three differ¬ 
ent pitches was designed and was 
found to be a great improvement 
over ganged capacitors insofar as 
dial crowding is concarned. Such a 
coil having an initial inductance of 
180 microhenries ^s found to have 
an inductance change of 10.3 to 1. 

Applying a formula* to find the 
size of the loop which may be tuned 
we have 


Li 


where Li 

L. 





(/m>x)n 


(/max)* I 
(/mitt)* 

loop inductance 
tuning coil air inductance 


( 2 ) 


130(10 3 - 9 .06] 
9.06”- 1 


20 Mh 


For the 82 square-inch loop which 
is being used in this instance, it 
was found that 20 /ih was obtain¬ 
able with 5.6 turns. The effective 
height of this loop is calculated by 
the use of Eq. 1. The Q of the cir¬ 
cuit is very nearly the Q of the 
tuning coil itself since it forms the 
greater part of the total inductance, 
and figure of merit equals heXQ. 

Knowing that the total induc¬ 
tance at 1,610 kc is 130 -f 20 or 150 
Aih, the inductance at other fre¬ 
quencies is found by multiplying 
150 by the square of the frequency 
ratios. For example at 1,500 kc. 


L 


Ti,5(iib) 


172 Mh 


Some of the important characteris¬ 
tics of this input circuit are shown 
in Table I. 

The factors which must be known 
for the calculation of the trans¬ 
former-coupled loop' 


k » coefficient of coupling between pri" 
and second^. Thia value 
varies as the coil is tuned 

m «■ ratio of primary inductance to loop 
inductance 

X^eqv ”■ total inductance as seen at the grid 
of the tube 

Q«qv total circuit Q as seen at the grid of 

the tube 

While it is highly desirable to 
keep both m and k constant as L« is 
tuned, this is not feasible. In order 
that k be as large as possible across 
the entire band, it was found de¬ 
sirable to wind part of the primary 


over the top of the secondary (top 
being considered the end of the 
secondary through which the iron 
core enters), the rest of the pri¬ 
mary being concentrated at a point 
about half-way down on the second¬ 
ary winding. 

Theoretically, any number of 
turns of the low-impedance loop can 
be coupled into the secondary and 
the same signal obtained at the 
grid. Actually, however, larger loop 
inductances result in more primary 
turns which yield a somewhat 
higher coefficient of coupling than 
small primaries. For this reason 
when dealing with table model loops, 
a 4-turn loop gives better results 
than a 2-turn loop. Also, Q is im¬ 
proved with the increased turns. 
In the comparison made here, a 4- 
turn loop of 82-square-inch area 
having an inductance of 10 /xh was 
used with the transformer-coupled 
input circuit. 

Since the presence of the primary 
winding connected through the loop 
reduces the tuning range of the 
secondary, the size of the primary 
winding must be determined experi¬ 
mentally, although if the coefficient 
of coupling is known, the maximum 
size of the primary needed to main¬ 
tain tuning range may be calcu¬ 
lated. This primary inductance is 
usually of necessity smaller than the 
optimum value which should be used 
for the coefficient of coupling en¬ 
countered. Actual values of k and 
m for a 130-/ih variable pitch sec¬ 
ondary coupled to a 10-/iih loop are 
given below. These values were de- 



tooed loop drcitU 
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TABLE n—Transformer-Coupled Loop 


Frequency 
in kc 

Transformer 

Gain 

Loop Effective 
Height /iv/m 

Figure of 
Merit 

Tuned Circuit 
Impedance 

C^nqv 

1,500 

59.5 

0.00661 

0.395 

108,.500 ohms 

1,000 

116.5 

0.00442 

0.515 

151,500 ohrti.s 

600 

241 

0.00265 

0.640 

247,000 ohms 


TABLE III—Capacitance-Tuned Loop 


Frequency 

Q 

Effective 
Height 
in /iv/m 

Figure of 
Merit 
in Mv/rn 

Tuned Circuit Impedance 
iaLQ 

1,.500 

70 

0.0284 

1.98 

120,.500 ohms 

1,000 

83 

0.0189 

1.57 

95,500 ohms 

600 

70 

0.0113 

0.795 

48,300 ohms 


termined experimentally in order 
that the tuning range be covered. 


Frequency 

k 

m 

1,600 kc 

47.% 

0.28 

1,000 kc 

61.8% 

0.34 

600 kc 

70.% 

0.46 


Purely theoretical considerations 
would have made m = 0.76 at 1,500 
kc and m = 0.47 at 600 kc, thus' 


Qmir 


n (1 + m - mk*) 
(l + m-h2mA;*) 


(3) 


The assumption used in deriving 
this equation was that the total 
primary circuit Q made up of both 
loop and primary inductance is 
equal to (i) Q^r. This is close to 
being the actual case and at 


1 .500 kc, QeQy « 

(14-0.28-0.062) 
^ (1,H-0.28+ 0.124) 

1,000 kc, Qeqv ■■ 

(1 +0.34 -0.128) 
(1 +0.34-1-0.266) 


78 


• 72.4 


600 kc, Q«qv *■ 

(1 + 0.46--0 225) 


(1 + 0.46 + 0.46 ) 
, , (1 + m - mk*) 

^ “ ^* ( 1 + m ) 


71.2 


(4) 


Since at 1,610 kc, it was found that 
k = 30.3 percent and m = 0.15, 


L»«v 


130 


(1 + 0.15-0.0138) 
( 1+0.16 ) 
128.2 Mh. 


Knowing the tuning inductance at 
1»600 kc, the inductances at other 
frequencies can be calculated as be¬ 
fore for the series circuit' 


Gain - kQ^, (L./lny/^ [iTv] 
From Eq. 5 


T (1 + m) 

•“ 1 + m-mk* 

Then 


( 6 ) 


[(1 + m) (1 + m - !»*»)] 

Knowing the gain of the input 
transformer, the figure of merit of 
the loop system is the effective 
height of the loop multiplied by the 
gain of the transformer. Pertinent 
characteristics for the transformer- 
coupled circuit are shown in 
Table II. 


CapaeitciBee-TaMd Hlqh-ImpedoBCB 
Loop 

To satisfy tracking considera¬ 
tions, it was found that the capaci¬ 
tance-tuned high-impedance loop 
should have an inductance of 183 
/di. Knowing that a 4-turn loop of 
this area had an inductance of 10 
/ih we may calculate the turns of 
the 183-/Ah loop as 

X 4 - 17.1 turn. 

The figure of merit for this loop 
circuit is loop effective height multi¬ 
plied by loop Q. Table III shows the 
characteristics for the capacitance- 
tuned high-impedance loop includ¬ 
ing the loop Q when mounted about 


two inches from its associated chas¬ 
sis. Figure S shows this type of 
loop circuit. 

In most receivers sufficient inter- 
mediate-frequency gain is available 
so that actual gain of the antenna 
circuit is of minor importance com¬ 
pared with the signal-to-noise ratio 
of this circuit. 

The input circuit noise^*® is 

J?/ - 1.28 X 10-wV/^ (8) 

where Et is the noise in volts 
F » receiver bandwidth in cycles (7,(XX) 
cycles in the present analysis) 

R ~ tuned circuit im()edance in ohms con¬ 
nected to the input tube grid plus the 
equivalent input noise resistance of 
the input tube 

The equivalent input noise resist¬ 
ance (shot noise referred to the 
grid circuit) is® 3,300 ohms for a 
6SG7 tuned r-f amplifier. This noise 
resistance is negligible compared 
with the tuned circuit impedance. 
However, in the case of a 6SA7 con¬ 
verter tube used as the input tube, 
the equivalent noise resistance is 
240,000 ohms and is of considerable 
importance in determining the sig- 
nal-to-noise ratio. 

If we divide the grid circuit noise 
as given by Eq. 8 by the figure of 
merit of the loop system, a measure 
of the signal-to-noise ratio for the 
receiver is obtained. In fact, by 
thus referring the noise to the input 
of the receiver, we have obtained 
the familiar ENSI (equivalent 
noise signal input) expressed in 
microvolts noise per meter which is 
usually used to express the signal- 
to-noise ratio of receivers. Using 
this method of analysis and the in¬ 
formation previously derived for 
the three types of loop circuits, we 
can tabulate the performance of the 
loop circuits for two extreme types 
of input tubes as shown in Table IV. 

Obviously, the permeability-tuned 
loop is inferior to the capacitance- 
tuned type with respect to both gain 
and signal-to-noise ratio. 

When input tube noise is neg¬ 
lected, the actual value of tuned 
circuit inductance has no effect on 
signal-to-noise ratio, although gain 
is nearly proportional to the square 
root of inductance. When a 6SA7 
is used as the input tube, it is de¬ 
sirable to build the tuned circuit im- 
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TABLE IV—Comparison of Circuits 


Frerpiency 
in kc 

Figure 

of 

Merit 

(irid noise 
voltage 
6S(iT Input 
Tulxi /xv 

KNSl 

MV/ni 

6S(i7 Input 
Tube 

(Irul noise 
voltage 
6S\7 Input 
Tul)e /iV 

KNSI 
juv in 

6S.\7 Input 
Tulie 



Series I/>op Circuit 



1, r>0() 

0.836 

1.06 

1.86 

6.62 

7.0 

1,000 

0.588 

5.11 

8.73 

7,35 

12.5 

600 

0 108 

7.15 

17.5 

8 86 

21.7 

Tninsforincr-C'oijplcd ('ircuit. 

i,r>oo 

0.305 

.151 

8.0 

6 1 

16 2 

1,000 

0.515 

t. 16 

8. 1 

6 67 

12.0 

600 

0.610 

5 32 

8.3 

7 16 

11.7 


Gapacitance-tiiricfl (ligh-irnpedarice Loop 


1,500 1 

1.08 

3.71 

1.87 

6.1 

3.23 

l.rioo 1 

1 08 

3 3 

2.1 

6.17 

3 0 

600 

0.705 

2.15 

3.0 

5.75 

7 25 


pedance to as high a value as possi¬ 
ble to overshadow tube noise.. 

For the foregoing analysis, the 
high inductance permeability-tuned 
coil was not considered, for it was 
found that a variable pitch winding 
could not be wound satisfactorily 
above 130 //.h. It was found to be 
quite practical, however, to wind 
linear pitch progressive windings 
on a 0.226 diameter form with 250 
)nh inductance. Such a coil showed 
an inductance range of 10.6 to 1 
(this compares with the 11 to 1 
range for a 130-/ih linear pitch 
coil). 

An analysis of performance with 
this 250-/ih coil is of interest, be¬ 
cause it represents the best which 
we can do for a small permeability- 
tuned receiver with no r-f stage. 
Assuming use of the series loop 
circuit, the loop inductance can be 
calculated to be 47.7 ^‘^h consisting 
of 8.7 turns of the same area used 
for the previous loops. Table V is a 
summary of the performance char¬ 
acteristics using this tuning coil 
and loop. 

Any improvement which can be 
made in either iron core or coil to 
improve tuning range will, of 
course, result in better performance 
for any of the loop-tuning circuits, 
insofar as signal-to-noise ratio is 
concerned. 

One advantage which the trans¬ 
former-coupled circuit enjoys over 


the aeries type, besides improved 
gain at the low frequencies, is the 
fact that the loop may be center- 
tapped to ground in order to pro¬ 
vide balance to extraneous noise 
pickup. This is only a slight advan¬ 
tage, however, since the series loop 
is usually of low enough impedance 
so that noise pickup due to capacity 
effects is small. 

With permeability tuning in a 
small table model receiver, the sig¬ 
nal-to-noise ratio will be down from 
two to five times depending on the 
circuit used, the input tube and loop 
parameters. With some sacrifice 
of dial scale linearity, the gain need 
not be down more than two times, 
and this may often be regained in 
the i-f portion of the receiver. 

A console receiver with a large 
area available for a low-impedance 
loop may have a signal-to-noise 
ratio equal to or better than a gang- 
capacitor tuned receiver, and may 
be done without any impairment of 
dial scale linearity. 

While a mathematical approach" 
to the tracking of a permeability- 
tuned oscillator coil to the r-f coils 
is possible, the results are invari¬ 
ably inconclusive. The majority of 
development engineers will un¬ 
doubtedly prefer an experimental 
approach just as they have done 
with gang capacitor tracking in the 
past. By using variable pitch os¬ 
cillator coils, it is possible to obtain 


nearly perfect tracking, and, after 
a little practice, the design proce¬ 
dure is not lengthy. 

The simplest case is one which 
involves a linear-pitch progressive- 
wound antenna coil with a series 
loop. If all iron cores are alike and 
a shunt inductance padder is used, 
this corresponds exactly with the 
gang capacitor case where all sec¬ 
tions are alike and an oscillator 
series capacitance padder is used. 
An oscillator coil consisting of a 
solenoid of some convenient wire 
size and pitch should be wound on 
the same size tubing used for the 
antenna coil. The length of the os¬ 
cillator coil should be equal to that 
of the antenna coil. It has been 
found that No. 34F, Formex or 
Formvar, wire with sufficient pitch 
to give an air inductance of about 
18 fih works well. Such a coil covers 
too much range to track, and the 
range can be limited by inserting a 
fixed series inductance. 

The alignment procedure should 
be as follows: With cores out of the 
coils by about iV inch, align the os¬ 
cillator to the top frequency (usu¬ 
ally about 1,610 kc). Peak antenna 
trimmer. Tune receiver to 1,000 kc 
and adjust iron core in antenna 
coil for maximum sensitivity. Tune 
receiver to about 580 kc and rock- 
in inductance padder for maximum 
sensitivity. Repeat entire proce¬ 
dure. 

If it is found that mistracking 
occurs so that the antenna coil re¬ 
quires more capacitance (or induc¬ 
tance) at frequencies between 1,000 
and 1,610 kc and further requires 
less capacitance or inductance at 
frequencies between 1,000 and 580 
kc, the series inductance should be 
reduced to obtain tracking. Con¬ 
versely, if it is found that the an¬ 
tenna coil requires less capacitance 
to align above the middle frequency 
and more capacitance to align below 
the middle, the series inductance 
should be increased. 

After the correct value of series 
inductance has been determined, it 
may be measured along with the os¬ 
cillator coil to find what total value 
of oscillator inductance is required. 
A new coil is then wound on a 
larger diameter tubing using the 
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Table V—250-/ih Coil in Series Loop Circuit 


Fre.piency 

Figure 

! 

KNSI 

KNSI 

in kc 

of merit 

i 

6Sfi7 tube 

6S.\7 tulx‘ 



j 

/uv/m 

MV, m 

1,509 

1.28 

1 272,000 ohms 

1.3.5 

5.5 

1.009 1 

0.6|,-> 

1 160,000 ohms 

7.0 

0.8 

600 

0.63:) 

1 OH.'i. 000 ohms 

1.5.7 

17.0 


same wire size, pitch, and number 
of turns as before, but the diameter 
of the new coil is such that the cor¬ 
rect total inductance is obtained. 

As an example, it was found that 
a series inductance of 6.0 fih was re¬ 
quired with an 18.0 /ih-osrillator 
coil which had been wound on 0.226 
O.D. tubing. A new coil having the 
same wire size and number of turns 
was wound on 0.260 O.D. tubing to 
have 24/ih inductance. This coil 
tracked satisfactorily. It will be 
found that inductance increases as 
the square of the diameter, within 
narrow limits, for solenoids of the 
general configuration used for oscil¬ 
lator coils. If a tuned r-f coil is to 
be used in addition to the antenna 
coil, it should be wound on a suit¬ 
able diameter tubing so that its in¬ 
ductance is equal to that of the an¬ 
tenna coil plus the loop. 

When the antenna coil is a vari¬ 
able pitch winding, the oscillator 
coil must also have a variable pitch 
which corresponds. For the series 
loop it is only necessary that the 
pitch multiplying factors and pro¬ 
portion of turns in each section be 
the same for both antenna and os¬ 
cillator coil. Beyond that the de¬ 
sign procedure is the same as that 
previously used for the linear coils. 

For example, the antenna coil 
consi.sts of a progressive-universal 
winding of three separate pitches as 
follows: 83 turns at 177 turns per 
inch, 100 turns at 247 turns per 
inch, 157 turns at 363 turns per 
inch, for a total of 340 turns and a 
winding length of 1.376 inches. 

Experience indicates that a con¬ 
venient oscillator coil of around 20 
/th should have about 130 turns. 
We then divide each of the above 
pitch figures by a factor of 2.6 to 
obtain the number of turns in each 


section of the oscillator coil. This 
comes out to be 33 turns, 40 turns 
and 63 turns. All that remains is 
to find the actual pitch of each sec¬ 
tion so that the total oscillator coil 
length is 1.375 inches. Since turns 
divided by TPI, turns per inch, 
equal winding length, we may set 
up an equation for TPI as follows 


~ fTI’I, 

Jii 


TPI ^ :m 


f>:i 


1 :t75 


24 

solving, TI’I 


^(TPl* 
04 


The oscillator coil should then be 
wound 


33 turns at !)4 X = 67 3 TIM 

J I i 

to turns at 04 TPI 

03 turns at 94 X ^ « 138 TPI 

Such an oscillator coil is wound 
on thin-wall tubing and the required 
series inductance is determined in 
the same manner as was used for 
linear coils. A new coil of larger 
diameter may then be wound using 
the same number of turns and pitch 
to incorporate the necessary series 
inductance. 

The transformer - coupled loop 
with variable pitch tuning coils is 
the most difficult type to track for 
the loop primary has a pronounced 
effect on the secondary tuning 
curve. Here it is best to start with 
an oscillator coil whose pitch varia¬ 
tions correspond with those of the 
antenna coil as before, but mis- 
tracking will inevitably be found. 
The frequencies where this mis- 
tracking occurs as well as the direc¬ 
tion of misalignment are noted. 

As a general rule when more in¬ 
ductance is required in the antenna 
coil for alignment above the middle 
frequency (at around 1,200 or 1,300 
kc), the oscillator coil winding pitch 


must be reduced (more turns per 
inch) at this end of the oscillator 
coil. When more inductance is re¬ 
quired in the antenna coil below the 
middle frequency (around 700 or 
800 kc) the middle pitch of the os¬ 
cillator coil should be increased 
(less turns per inch). 

To determine whether oscillator 
pitch must be reduced or increased 
at any particular frequency, 1,000 
kc is used as the starting point since 
the iron cores are aligned there. 
Thus if moi’e inductance is needed 
in the antenna coil at 1,200 kc for 
tracking, the oscillator core has 
moved too rapidly, up from 1,000 kc, 
and so the winding pitch must be re¬ 
duced between 1,000 kc and 1,200 kc 
to correct. 

Inasmuch as varying o.scillator se¬ 
ries inductance has somewhat the 
same effect as changing pitch, vari¬ 
ous combinations are possible which 
appear to give reasonably good 
tracking, but one particular combi¬ 
nation will usually be best. Lag or 
lead of the oscillator core with re¬ 
spect to antenna core must be 
watched. 

Very often the low-frequency 
pitch of the oscillator coil may be 
varied to correct for lead or lag, 
when a shunt inductance padder is 
used. Decreasing pitch at the low- 
frequency end of the oscillator coil 
will lower the shunt padder induc¬ 
tance, and this in turn will cause 
less oscillator core lag at 1,000 kc. 

If a tuned r-f stage is used with 
the transformer-coupled loop, a pri¬ 
mary winding similar to that used 
for the loop may also be wound on 
the r-f coil and a dummy inductance 
connected to this primary to simu¬ 
late the loop. 
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Method of Plotting Tracking Error 


Plotting of a tracking error curve 
is generally reckoned to be a more 
tedious procedure than the original 
calculations of correct oscillator in¬ 
ductance and padding capacitance. 

A simple system for plotting 
tracking error has proved to have 
reasonable accuracy, and great flex¬ 
ibility. It is invaluable where it 
becomes necessary, in the design of 
superheterodyne coils, to make the 
small inductance changes necessary 
for perfect tracking. 

It was proposed to wire the coils 
under test with their correct tuning 
and padding capacitors, and align 
them in the normal manner. A sig¬ 
nal generator would be fed into the 
antenna coil (through the usual 
dummy antenna) and the frequency 
of the beat appearing in the mixer 
plate checked at various positions 
of the tuning capacitor, perfect 
tracking keeping the frequency of 
the beat more or less constant at 
the i-f frequency. The next step 
was to make the antenna coil pro¬ 
duce its own signal at the frequency 
of the signal circuit by wiring it in 
an oscillator circuit, and do away 
with the signal generator input. 

Thus, one section of the tuning 
gang tunes an oscillator at the sig- 


By E. B. MENZIES 

nal frequency, and another section 
tunes the usual local oscillator. If 
these two are combined in the nor¬ 
mal mixer circuit, we have a beat 
frequency in the plate circuit equal 
to the normal i-f. By beating this 
i-f signal with a signal of the same 
frequency from a signal generator, 
in a tube such as a 6L7, it is possi¬ 
ble to listen with headphones in the 
6L7 plate circuit to the tracking 
error. 

The circuit is shown in Fig. 1. 
The antenna coil is wired in a 
Franklin oscillator circuit and the 
output of this signal-frequency os¬ 
cillator is coupled to the signal grid 
of the 6K8. The 6K8 oscillator cir¬ 
cuit is normal. The i-f signal ap¬ 
pearing at the plate is coupled to 
the injection grid of a 6L7 detector. 
The output of a signal generator, 
tuned to the i-f frequency, is fed 
into the other input grid of the 
6L7, and headphones are connected 
in its plate circuit. 

Mixer Output 

Although the signal in the 6K8 
plate circuit contains beats equal 
to the sum and diflference of the sig¬ 
nal and oscillator frequencies, as 
well as traces of both their funda¬ 




FIG. 2—^Loading circuits for coimocUon to 

tho primarlos of antenna and r-i colls 

mentals and their harmonics, in 
practice the amplitude of the dif¬ 
ference frequency (normally used 
as the i-f) is so large compared 
with the beats from other harmon¬ 
ics, that these latter may be almost 
disregarded. A bypass capacitor in 
the 6K8 plate circuit removes some 
of the higher order harmonics. 

A gain control in the 6K8 cathode 
circuit enables the operator to com¬ 
pensate for high signal oscillator 
output driving the 6K8 signal grid 
positive. 

Fig, 2A shows the constants re¬ 
quired for loading the antenna 
winding. The free primary does, 
in most cases, show self-resonance 
at some point within the tuning 
range of the secondary. If there is 
self-resonance, and the coupling co¬ 
efficient is of normal vaJue, the 
coupled reactance of the primary 
may shift the resonant frequency of 
the secondary appreciably. Figure 
2B shows a loading circuit for the 
primary of an r-f coil. The 
capacitor has been included as be¬ 
ing a reasonably close approadma- 
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tion to the output capacitance of 
most of the r-f pentode tubes in 
normal use. 

A curve for normal oscillator 
tracking is shown in Fig. 3. In the 
case of a simple superheterodyne, 
we can assume that the original 
calculations called for the three 
points of perfect tracking as 600, 
1,000, and 1,400 kc. These perfect 
tracking points show as crossovers 
on the curve. 

While it may be possible to posi¬ 
tion the 1,400-kc crossover point 
correctly by adjustment of the par¬ 
allel trimmers, and to position the 
600-kc point by adjustment of the 
series padder, only correct oscillator 
coil inductance will position the 1,- 
000-kc point correctly. The effect of 
too high an oscillator inductance is 
to make the two higher-freguency 
crossover points bunch together at 
the high-frequency end of the tun¬ 
ing range, and to make the tracking 
error large at the lower frequency 
end of the tuning range. 

The procedure for taking a track¬ 
ing error curve is quite simple. The 
antenna and oscillator coils are 
checked first. The signal generator 
is tuned to the correct i-f fre¬ 
quency and connected to feed the 
6L7. As In normal alignment, the 
trimmer capacitors are adjusted at 
1,400-kc, the padder at 600-kc, and 
the 1,400-kc point rechecked. The 
proper adjustment is indicated by 
zero beat in the headphones. 


When the gang is tuned from the 
full-in to full-out position, if the 
oscillator inductance is correct there 
should be three points of zero beat, 
600, 1,000, and 1,400 kc. At other 
than these points the beat note in 
the phones will vary in pitch with 
the position of the tuning capacitor. 

The deviation from perfect track¬ 
ing at any point may be measured 
by leaving the gang set at that 
point and retuning the signal gen¬ 
erator for zero beat. It is possible 
to determine exactly the deviation 
in kilocycles from perfect tracking, 
and to tell if the oscillator signal is 
high or low in frequency. It is 
then a matter of minutes to plot a 
curve. With an intermediate fre¬ 
quency of 466 kc, a deviation of 
about 5 kc appears in order, par¬ 


ticularly with a standard gang 
which would be almost certain to 
show some inaccuracy in itself. 

The procedure in the case of an 
r-f coil is to remove the antenna 
coil, substitute the r-f coil, and 
leave all trimmers set as they are. 
When the r-f coil primary is loaded 
correctly, rotation of the gang 
should produce a similar curve, 
with little or no alteration of the 
antenna trimmer. 

If the equipment is made so that 
coil connections can be easily and 
quickly made, then a tracking error 
curve can be made in a few min¬ 
utes. The system has proved itself 
here in a practical way, and the 
accuracy would appear to be well 
within the limits of mass-produc¬ 
tion manufacturing tolerance. 


VHF Receiver Measurements 

By BBWBBB (OBIOB lid KUIS BHRGE 


Advance of communications into 
the very high frequencies has made 
accurate measurements of receiver 
radio-frequency selectivity charac¬ 
teristics increasingly difficult. Stand¬ 
ard signal generators available for 
use at these frequencies, up to the 
present, have no provision for ac¬ 
curately discerning the sufficiently 
smaU increments in frequency re¬ 
quired for these tests. In many cases, 
the receiver under test has a rela¬ 


tively sharp selectivity characteris¬ 
tic—in the order of kilocycles, while 
the signal generator tuning dial di¬ 
visions represent frequency differ¬ 
ences in the order of megacycles. 

The technique to be described was 
found to be superior to the usual 
method of reading the signal gener¬ 
ator dial divisions for small fre¬ 
quency increments. 

Referring to the block diagram 
shown in Fig. 1, the signal generator 


is resonated to the receiver frequency 
and the input level adjusted to pro¬ 
duce some convenient rectified carrier 
voltage across the second detector 
load resistor. A calibrated communi¬ 
cation receiver capable of tuning to 
the intermediate frequency is then 
coupled into the i-f amplifier of the 
receiver under test at some point 
where the signal level is of conven¬ 
ient amplitude. The calibrated re¬ 
ceiver is then tuned to the inter- 
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Fig* 1—Ut* of rocoiver calibrated at 
the intermediote frequency of the re- 
ceirer under test 


mediate frequency produced and the 
frequency and input level recorded. 

Adopting the usual procedure, the 
signal generator is detuned in small 
frequency intn^ements, at the same 
time increasing the input level to the 
value required to maintain the ini¬ 
tial output voltage. At each point, 
the calibrated communication re¬ 
ceiver is tuned to the intermediate 
frequency. The difference between 
any reading of the calibrated re¬ 
ceiver and its initial tuning is equal 
to the difference between the corres¬ 
ponding and original signal gener¬ 
ator frequency. This procedure is 
carried out above and below the re¬ 
ceiver's resonant frequency as far as 
desired. The selectivity characteris¬ 
tic can then be plotted in terms of 
decibels below maximum response as 
shown in Fig. 2. 


When the local oscillator in the 
receiver under test is crystal con¬ 
trolled, as found in spot-frequency 
receivers, then by knowing the inter¬ 
mediate frequency at any time, the 
signal generator frequency can be 
calculated. This method can also be 
used to advantage in checking signal 
generator frequency calibration and 
thermal drift. 

It should be noted that the above 
procedure assumes that the receiver 
local oscillator will not change in fre¬ 
quency during the test. For practical 
purposes this is probably a reason¬ 
able assumption and certainly true 
if the local oscillator is crystal con¬ 
trolled. Any oscillator drift is easily 
measured, however, with the cali¬ 
brated and comparatively low fre¬ 
quency receiver by beating a har¬ 
monic of its local oscillator with the 
high frequency oscillator fundamen¬ 
tal and multiplying receiver timing 
by the order of the harmonic used. It 
i.s not necessary to have any fre¬ 
quency calibration of the signal gen¬ 
erator except insofar as this informa¬ 
tion may be needed for correcting 
attenuator settings. If the local oscil¬ 
lator frequency is known or can be 
accurately measured, that value and 
the intermediate frequency measured 
with the calibrated receiver will give 
the signal generator frequency. 

An error in absolute value of fre¬ 
quency can be introduced when the 
auxiliary receiver is tuned to zero 
beat. The reason for this is that the 



Fig. 2—Selectivity of vhf receiver 
measured between i-f stages by cali¬ 
brated low’frequency receiver 


beat frequency oscillator in the cali¬ 
brated receiver may be tuned three 
or four kilocycles from the resonant 
frequency of the i-f amplifier. How¬ 
ever, this difference is usually negli¬ 
gible at very high frequencies. When 
an available calibrated receiver will 
not tune to the intermediate fre¬ 
quency of the receiver under test, it 
may still be used by tuning so that a 
harmonic of its local oscillator bents 
with the i-f signal. All receiver fre¬ 
quency difference readings would 
then be multiplied by the order of 
the harmonic being used. 


High-Level Detector 


Metallic-oxide rectifiers have been 
experimentally used^for years in ra¬ 
dio receivers, however, their use has 
been restricted to high-impedance 
circuits that are followed by audio 
frequency amplifiers. These ampli¬ 
fiers, unless carefully designed, in¬ 
troduce harmonic distortion. Coup¬ 
ling networks, especially the loud¬ 
speaker transformer, introduce fre¬ 
quency distortion. 

To avoid these sources of distor- 


By J. C. RANKIN 

tion a low-impedance high-level de¬ 
tector system, the basic circuit of 
which is shown in Fig. 1, is sug¬ 
gested. It will be observed that all 
audio frequency amplification has 
been eliminated and that the only 
source of distortion is the detector. 

This detector can be any single ele¬ 
ment metallic rectifier, such as used 
for battery chargers or toy trains. 
The output transformer operates at 
radio frequency and is constructed 
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so that the tuned primary winding, 
in conjunction with the reflected im¬ 
pedance of the voice coil, substan¬ 
tially matches the plate resistance of 
the output tube. The radio-frequency 
impedance of the secondary winding 
is equal to the audio-frequency im¬ 
pedance of the loudspeaker voice coil. 

The capacitance of the metallic ox¬ 
ide rectifier plates, which is detri¬ 
mental in high impedance circuits, 
has little effect on this circuit. This 
capacitance may be in the order of 
500 micromicrofarads but because 
it is in series with an impedance of 
approximately six ohms, it causes 
little loss. 

The shunting capacitor can be 
0.5 fif without affecting the audio 
frequencies; at 465 kc a 0.5/jLf capac¬ 
itor has a capacitive reactance of ap¬ 
proximately 0.6 ohms and will by¬ 
pass any radio frequency voltage 
which may be fed through the ca¬ 
pacitance of the rectifier plates. 

The voltage applied to the loud¬ 
speaker voice coil can also be used as 
a source of voltage for automatic 
volume control. As the detector op¬ 
erates into a low impedance load, the 
avc can be applied to the cathodes of 
the i-f amplifier tubes instead of 
their grids. 

The circuit, shown at Fig. 1, op¬ 
erates as a half-wave detector but 
greater output can be obtained by 
using a fullwave bridge rectifier, as 
shown in Fig. 2. 

The metallic oxide rectifiers oper¬ 
ate fairly efficiently at 455 kc but 
greater overall stability and gain can 
be obtained by using a second con¬ 
verter in the receiver to produce 
approximately 60 kc on the grid of 
the power tube. 

A volume control of the wire 
wound type can be inserted between 


Directly 


DiR£CT-cUKRENT symmetry and sta¬ 
bility of output are obtained from 
the phase inverter shown in the 
accompanying diagram. Because 
of these properties, the circuit is 



FIG. 2—Best results are obtoined with a 
lull-wave rectifier 


loudspeaker voice coil and second¬ 
ary winding of the output trans¬ 
former. This control may be either a 
variable series resistance or a pad 
type attenuator. If a variable series 
resistance is used, when the volume 
is decreased the output transformer 
secondary no longer looks into a 
six-ohm load and the voltage across 
the secondary coil increases, conse¬ 
quently the avc voltage increases 
simultaneously with a decrease in 
volume at the loudspeaker. However, 
this feature cannot be utilized be¬ 
yond a certain limit as it is neces¬ 
sary to maintain a load on the pri¬ 
mary winding of the output trans¬ 
former to prevent radiation and 
coupling between various stages of 
the receiver. 

It will be noted that besides im¬ 
proving the fidelity, the use of a low- 
impedance high-level detector allows 
all tubes to contribute to the selec¬ 
tivity of the receiver. 


Coupled Phase 

By E. JOHNSON 

useful in handling fiat-topped 
pulses, low frequencies and the 
like. The indicated values of the 
components, although considered 
optimum for the specific applica- 


Experimenfol Circuit 

One experimental circuit used by 
the author was similar to that of Fig. 
1 ; the output tube was a 6V6. This 
tube was fed from the final 455 kc i-f 
transformer of a small receiver. The 
primary winding feeding the 6V6 
was a broadcast antenna coil ap¬ 
proximately 3 inch in diameter, with 
the antenna winding removed. A 
variable capacitor in series with a 
fixed one tuned this primary wind¬ 
ing. The secondary winding con¬ 
sisted of 15 turns of 20-gauge 
enamel covered wire wound over the 
bottom end of the primary; the posi¬ 
tion of this winding was made ad¬ 
justable as the coupling position is 
critical. 

It was found that the loudspeaker 
winding presented an inductive load 
which was reflected across the trans¬ 
former primary and because of this 
fact more tuning capacitance than 
is normally required was needed to 
retune the loaded circuit to 455 kc. 

When the correct coupling position 
is obtained, only a small amount of 
shielding is required and it was 
found that radiation from the power 
stage did not affect another receiver 
placed three feet away. 

The rectifier is a single copper 
plate that is oxidized over an area 
1}-inches square and pressed against 
a steel plate. Using the full-wave 
circuit, about two-watts output was 
developed from a 6V6. Listening 
tests indicated that fidelity was com¬ 
parable to a console receiver. 

The low-impedance high-level de¬ 
tector can be applied to phonograph 
amplifiers by modulating an o.scil- 
lator with the pickup voltage, and 
amplifying and detecting as de¬ 
scribed above. 


Inverter 


tion for which this circuit was 
developed, should be taken as sug¬ 
gestions rather than absolutes. 

The upper half of the inverter 
is recognizable as a cathode-cou- 
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pled amplifier^ *. The output of this 
half is in phase with the inverter 
input. 

The lower half is the same as 
the upper half but with its grids 
interchanged. With respect to qui¬ 
escent conditions, the lower half 
of the circuit behaves identicaUy 
to the upper half. However, the 
output of the lower half is 180 de¬ 
grees out of phase with the in¬ 
verter input. The inherent gain 
of the lower half is about half that 
of the upper half so that an adjust¬ 
ment of the potentiometer R» is 
necessary to equalize the outputs 
of the two halves. Overall gain 
of the inverter is controlled by /?,. 

Potentiometer is adjusted to 
make the d-c output voltage of each 
half of the circuit equal, the adjust¬ 
ment being made ip the absence 


of signal and before R, is adjusted. 
The subsequent adjustment of Rs 
does not necessitate any further 
adjustment of R, making the cir¬ 
cuit very easy to balance. Essen¬ 
tially, each half of the circuit op¬ 
erates independently of the other 
half so that there is no tendency 
towards regenerative drifting and 
critical adjustment that character¬ 
ize many comparable circuits. 

With the t 3 rpical values of com¬ 
ponents as shown, the circuit has 
a voltage gain of about 20 and 
handles inputs up to two volts with¬ 
out appreciable distortion. Use of 
6SN7's would have reduced the 
gain to about seven. Graphical 
analysis offers a convenient means 
of investigating the performance 
of the circuit and provides a guide 
for selecting the components* 
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Noise-Free Code Reception 

Discrimination between the time constants of signal and noise allows continuous waves 
to trigger an audio tpne generator feeding the loudspeaker. Amplitude and frequency 
variations have little influence on circuit operation 


N eed for improved reception of 
continuous-wave signals at 
lower threshold levels, or in greater 
levels of impulse wave interference, 
has been felt by all communication 
men for many years. The various 
expedients to reduce shock from im¬ 
pulse waves, in the form of limiters, 
have proven this. Although limiters 
are very effective in some cases, it 
has been obvious that tone hetero¬ 
dyning from a beat-frequency oscil¬ 
lator was entirely unsatisfactory 
for noise-free or automatic commu¬ 
nications under impulse interfer¬ 
ence of atmospheric or a man-made 
nature. 

In the approach to this develop¬ 
ment, it was consMered that the 
fundamental problem with present- 
day reception systems was involved 
in discrimination between the simi¬ 
lar wave trains produced by noise 
and c-w signals. Therefore, if de- 


By D. L. KINGS 

tection were possible when only 
one form of energy existed, this 
problem would be solved. This 
might be possible if receivers were 
made sufficiently sensitive and de¬ 
tection of amplitude changes dur¬ 
ing the signal interval were non¬ 
existent 

It was further reasoned that elec¬ 
trical interference energy existed at 
all times in a communications re¬ 
ceiver, either from antenna pickup 
or from front-stage noise in the re¬ 
ceiver. A c-w signal is continuous, 
having on and off intervals and fad¬ 
ing characteristics. Interfering im¬ 
pulse noise by contrast is discon¬ 
tinuous and the duration of the 
interfering impulses is much 
shorter than even high-speed c-w 
intervals. 

Static impulses, ignition interfer¬ 
ence, and discharge interference 
have extremely short time constants 


at the antenna, but after amplifica¬ 
tion through r-f and i-f amplifiers 
these constants are increased sev¬ 
eral hundred times. 

The effect of interference im¬ 
pulses on the receiver tuned circuits 
ahead of the detector is shown in 
Fig. 1. An impulse (A) will ring 
the tuned circuits of the first r-f 
amplifier to many times the dura¬ 
tion of the initial impulse (B). This 
in turn excites the next stage 
which rings for a still longer dura¬ 
tion, depending on the Q of the 
tuned circuits, and so on. (C). 

The r-f and i-f amplifier circuit 
time constants will prevent the 
original impulse from being ampli¬ 
fied, and instead of an impulse ap¬ 
pearing at the second detector, 
there will be a wave train (JD) that 
rises in amplitude in accordance 
with the circuit constants which 
remains for the duration of the 
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ringing of the tuned circuits, fall¬ 
ing to zero as dictated by the cir¬ 
cuit characteristics. This may take 
from fifty to several hundred micro¬ 
seconds, depending on the amplitude 
of the original impulse, whereas 
this initial impulse duration (A) 
may be only a fraction of a micro¬ 
second. 

In referring to impulse interfer¬ 
ence at the detector, it is necessary 
therefore to consider these interfer¬ 
ences as discontinuous wave trains 
that vary in length in accordance 
with the amplitude of the original 
impulse. It is these receiver-gener¬ 
ated wave trains that cause portions 
of the intelligence waves to be oblit¬ 
erated from the detector when the 
amplitude or audio beat is being 
detected. 

In receiving locations having a 
high ambient impulse background 
noise, it would seem that these wave 
trains could be frequent enough to 
create a continuous wave if they 
followed each other very closely. 
Considering that each wave train, 
or circuit ring, is started by an im¬ 
pulse, and these impulses have no 
phase relation to each other, then it 
will follow that the random phase 
relation will cause conflicting phase 
angles between each wave train and, 
therefore, cannot make up a con¬ 


tinuous wave. These phase differ¬ 
ences between wave trains cause 
the amplitude to fall between each 
wave train. This condition marks 
the distinction between reception 
of a continuous wave and that of 
impulse wave trains at the detec¬ 
tor circuit in receivers of conven¬ 
tional design. 

If a c-w receiver is subjected to 
heavy ignition noise with repetition 
times of two or three hundred cy¬ 
cles per second, there will exist at 
least an equal number of wave 
trains, or even more if several arcs 
occur on one ignition discharge. 
This means that c-w intervals will 
be separated by a large number of 
wave trains of shorter duration. 

The detector voltage from the 
discontinuous wave trains may be 
considerably greater than the volt¬ 
age from the continuous waves, 
thereby preventing the use of an 
avc system. The amplitude of the 
discontinuous waves may be much 
greater than the continuous waves, 
thereby preventing a readable note 
from a bfo detector. 

The fundamental difference be¬ 
tween the discontinuous waves and 
the continuous waves is their rela¬ 
tive duration. This phenomenon is 
illustrated in Fig. 2, showing the 
difference between continuous and 
discontinuous wave trains at (A). 

When the rise and fall of the de¬ 
tector voltage produces audio en¬ 
ergy, the greatest voltage change 
occurs when only the impulse wave 
trains exist. The detector audio 
voltage during the c-w intervals is 
produced by the impulse wave 
trains amplitude modulating the 
continuous waves. 

To permit a clean demarkation 
between the marker and spacer in¬ 
tervals, it is necessary to erase this 
modulation during the marker, as 
it provides less audio energy than 
the spacer. Erasing c-w of the dis¬ 
continuous wave trains necessitates 
very heavy limiting at the second 
detector, so that continuous waves 
will not permit a change in the de¬ 
tector audio voltage during the 
marker interval as illustrated in 
Pig. 2(B). 

With satisfactory limiting of the 
detector, there will exist au^io en¬ 


ergy from the rise and fall of each 
end of a discontinuous wave train 
and a silent period during the rela¬ 
tively long c-w marker interval (C). 
This form of limiting permits clean 
demarkation between c-w and im¬ 
pulse noise. However, the audio en¬ 
ergy obtained during the spacer 
interval does not have constant fre¬ 
quency characteristics, making it 
unsuitable for direct reproduction. 

To reproduce the marker time 
interval, the spacer audio energy 
must be amplified, limited (D), rec¬ 
tified (E), then the d-c component 
used to trigger an audio tone gen¬ 
erator to produce marker (F) or 
spacer tone intervals. The d-c may 
also be used to operate a teletype 
machine directly. 

A simple method of producing a 
tone for the marker interval in¬ 
volves utilization of the d-c voltage 
that is derived from the spacer 
audio energy for biasing an audio 
tone amplifier to cutoff. Then the 
c-w interval interrupts the d-c volt¬ 
age and the amplifier produces the 
desired tone. 

In the practical application of 
this system, it is found desirable to 
have two or three filter time-con¬ 
stant adjustments in the d-c gen¬ 
erating circuit. This provides for 
various speeds of reception so that 
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even when, for example, one hun¬ 
dred words per minute cannot be 
received due to very heavy impulse 
noise, a setting is available for 
lower speeds. Adjustable tone fre¬ 
quency is also provided to prevent 
operator fatigue. The receiving ac¬ 
curacy of the system is dependent 
on the shock and the ringing char¬ 
acteristics of the receiver circuits. 

It is quite normal to get perfect 
reception through impulse noise 
from a c-w signal that is not dis¬ 
cernible on orthodox reception sys¬ 
tems. Conditions of reception have 
been noted under actual test, using 
standard communications receivers 
combined with this noise-eliminat¬ 
ing device, where perfect reception 
was obtained even though S meter 
indications showed S9 interference 
levels against SI signal intensity. 

The schematic circuit diagram 
shown in Fig, 3 covers the arrange¬ 
ment for a unit primarily intended 
for aural reception and adaptable 
for connection to the i-f amplifier 
of a standard communications re¬ 
ceiver. Tubes Vi and F* are sharp- 


cutoff-type r-f amplifiers, V, func¬ 
tioning somewhat as a peak lim¬ 
iter. The diodes V» are represented 
in the detector circuit with one sec¬ 
tion acting as the demodulating di¬ 
ode, which prevents modulation on 
the carrier wave on any voltage ex¬ 
ceeding the difference between the 
detector voltage and the 4J-volt bias 
system. 

The circuit functions are illus¬ 
trated in Fig. 3. Normal detection 
is provided by diode 1 until the am¬ 
plitude is great enough to cause 
rectification to occur in diode 2 dur¬ 
ing the reverse cycle, at which time 
the energy in excess of the effective 
bias will be equal and opposite 
across the detector load circuit. The 
half-cycle difference will be ab¬ 
sorbed by the filter network, 
thereby neutralizing any effective 
audio-frequency voltage change 
across the detector load resistance. 

Tube Vi is a high-frequency audio 
amplifier operating Vr. which is a 
square-wave amplifier. The output 
from Vt is relatively constant in 
amplitude and rectified by diode F*. 


The filter capacitor for the rectifier 
may be switched in value fnom 
0.003 to 0.02 juf for various speeds 
of keying, and the d-c energy pro¬ 
vides cutoff bias to y«. 

Tube Vb is a phase-shift audio 
oscillator supplying energy to the 
grid of Fo, which in turn excites 
power amplifier Fp. The frequency 
and amplitude of the oscillator are 
controlled in the resistance network 
and the volume control is in the 
grid circuit of the power amplifier. 

The system provides for recep¬ 
tion of all detectable signals with¬ 
out interference. Controlled tone 
pitch and intensity reduce operator 
fatigue and greatly increase the ac¬ 
curacy of copying. All signals re¬ 
ceived are automatically reproduced 
in unvarying intensity, and absence 
of background noises permits the 
simultaneous operation of many re¬ 
ceivers in the same room without 
disturbance to any of the operators. 

During standby periods, the re¬ 
ceiver is completely silent even 
though adjusted for maximum sen¬ 
sitivity. 
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Mixer Frequency Charts 

By R. S. BADESSA 


HEN two frequencies, B and A, 
are mixed to produce the sum 
frequency B + A or the difference 
frequency B — A, a possibility exists 
that some harmonic of B, or some 
harmonic of A, or some combination 
of the harmonics of B and A will pro¬ 
duce unwanted components lying 
close to the desired frequency. In 
some cases the magnitude and fre¬ 
quency of these unwanted compon¬ 
ents are such as to present serious 
problems in selectivity, often to the 
extent of requiring a different choice 
of input frequencies. 

The two charts shown provide a 
means of determining in advance the 
unwanted components capable of 
arising from a given choice of mixer 
input frequencies. The charts are 
based on the fact that when the ratio 
of the two input frequencies, A/B, 

CHART I. Output Frequency = B 
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cially those of low order, should be 
calculated to determine how difficult 
a selectivity problem exists. 

Example, A frequency of 4.9 me is 
mixed with a frequency of 2.1 me to 
produce a sum frequency of 7.0 me. 
For this case R = 2.1/4.9 = 0.429. 
On chart No. 2 the interfering com¬ 
ponents for R = 0.429 are of the 
tenth order and have the forms 4B — 
6A and 8A — 2B. Since a tenth- 
order component is probably not very 
serious, coincidence can be neglected. 
Other ratios in the vicinity of 0.429 
are investigated next. For the ratio 
0.500, there are two third-order com¬ 
ponents, of the form 2B — A and 3A. 
These, when evaluated, are 7.7 me 
and 6.3 me respectively and may or 
may not cause trouble, depending on 
the selectivity of the 7-mc channel 
employed. 

CHART 11. Output Frequency = B -f- A 
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is also equal to the ratio k/l where k 
and I are integers and A is the 
smaller of the two input frequencies, 
two unwanted components exist cap¬ 
able of coinciding or zero beating 
with the sum frequency B -f A. 
These are (I -f 1)A — (fc — 1)B and 
(k + 1)B — (i — 1)A. Where the 
wanted frequency is B — A, the cor¬ 
responding unwanted components are 
(I -1)A - (k - 1)B and (k 4- 1)B 
“ + 1)A. 

Unwanted components up to the 
15th order are classified in the charts 
according to the ratio A/B for which 
coincidence with the wanted sum or 
difference frequency occurs. 

If coincidence does not exist, no¬ 
tice the components corresponding to 
ratios not far removed from the 
ratio being investigated. The fre¬ 
quencies of these components, espe- 
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Beat-Frequency Interference Chart 

l|r DO* lORTO* 

I NTBBfERENCE may be present in are not selective enough to reject all result of the combining of the oscil- 

the output of superheterodyne but the desired incoming signal, lator frequency and/or its harmonics 

radio receivers if their input circuits These spurious responses will be the with the fundamental or harmonics 

of strong stations radiating a fre¬ 
quency differing from that to which 
the tuned input circuit of the con¬ 
verter is adjusted. 

The accompanying chart plots 19 
different combinations of signal and 
oscillator frequencies that can pro¬ 
duce interference in a receiver using 
the RMA standard i-f of 455 kc. 

The following examples illustrate 
several different types of interfer¬ 
ence. At 660 kc, a vertical line drawn 
on the chart will intersect all of the 
curves. Perpendiculars from these 
points of intersection to the left 
will give the interfering signal fre¬ 
quency. Thus one objectionable 
point is determined to be 220 kc from 
curve 10. A long-wave signal other 
than that of the i-f may consequently 
be present in the output of ^e re¬ 
ceiver due to the local oscillator beat¬ 
ing with the third harmonic of the 
interfering signal to produce 466 kc. 

The intersection of the 660-ke line 
with curve 1 indicates an interfer¬ 
ing signal of 1116 kc. Although no 
station operates on this frequency, 
audible bMts would be produced by 
reaction with either or both the 1110- 
kc or 1120-ke carriers 6000 cycles 
away. 

Curve number 4 shows that police 
calls may be received while curves 
18 and 19 show that amateur signals 
can also beat at the same time. By 
using the formula numbered to cor¬ 
respond to the curve intersected/ the 
exact frequency of the interfering 
signal can be computed and the audio 
frequency of the whistle determined, 
assuming that the station producing 
the interference is on its assigned 
wavelength. 




(1) AdftSM. J. X, Becdm latsrfmnet 
Cbart, Biacnoincs. p 4S. Vttb. 1041. 
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Reduction of Heterodyne Interference 

Adjacent-channel signals produce both amplitude and phase modulation of the desired 
carrier. From separate detection of these two modulations, two interference signals are 
obtained which cancel each other leaving only the desired signal 

By N. W. BELLES 


R eduction of constant-fre- 
quency interference such as 
is caused by heterodyne siijnals 
can be accomplished by utilizing 
the principle that heterodyne 
waves both amplitude and phase 
modulate the carrier of the desired 
signal. This method of interfer¬ 
ence reduction involves simultan¬ 
eous detection of amplitude and 
quadrature modulation compo¬ 
nents of an interfering wave and 
subsequent canceling of the two 
detected outputs by balancing 
them against each other. The re¬ 
ception of desired signals, which 
are modulated in only one manner, 
remains unaffected. 

The system is of particular ad¬ 
vantage for communications in 
crowded bands where interference 
due to carrier heterodynes is ob¬ 
jectionable, and increases the num¬ 
ber of stations that can occupy a 
given frequency band without pro¬ 
ducing cross interference. In 
operation, the system to be de¬ 
scribed has attenuated strong inter¬ 
ference heterodyne signals to be¬ 
low audibility with no apparent 
effect on the desired signal. 



FIO« 1— ^V«ctcNr r«lcrtloiui of two woros 
•Imw piMBM and omplUiido oMdulottoa 
el OBO hr tho olhor 


It is an accepted fact’ that the 
sum of two waves is a wave which 
varies in both amplitude and 
phase. If one of the waves is taken 
as a reference, the second wave can 
be said to produce amplitude and 
phase modulation of this reference 
wave. In Fig. 1 let be the refer¬ 
ence wave, which may be the carrier 
wave of a desired signal, and let 
e, be the second wave, which may 
be an interfering and undesired 
signal. The combination of these 
waves can be resolved into a com¬ 
ponent c? which is in phase with 
the reference wave and produces 
pure amplitude modulation and 
a component which is in phase 
quadrature and produces pure 
phase modulation. 

A heterodyne interference wave 
thus produces effects which differ 
from either those of a pure ampli¬ 
tude-modulated wave in which the 
resultant modulating vector is al¬ 
ways exactly in phase with the car¬ 
rier, or those of a narrow-band 
phase or frequency-modulated 
wave in which the resultant modu¬ 
lating vector may be in phase 
quadrature with the carrier. 

The inherent characteristic of a 
heterodyne interference wave can 
be utilized to eliminate the inter¬ 
fering effects of the undesired 
wave in the reception of amplitude- 
modulated, or narrow-band phase or 
frequency-modulated signals, pro¬ 
vided that suitable detection cir¬ 
cuits as assumed in Fig. 2 can be 
devised. These detectors must be 
such that the amplitude-modula¬ 
tion detector responds only to side¬ 
bands which are in phase with a 
carrier, and the phase-modulation 
detector responds only to side¬ 
bands which are in phase quadra¬ 
ture with the carrier. 


Detectors devised by Crosby,“ in 
which carrier segregation and 
amplification are utilized, are 
adaptable for this purpose. Re¬ 
ferring to Fig. 3, the carrier, which 
has been derived from the desired 
signal by filtering or other means 
and then amplified, is applied to 
the balanced detector as .shown. 
Also the entire received signal is 
applied in a balanced manner to 
the rectifiers. 

In the absence of the carrier, 
there is no detection of the re¬ 
ceived signals, and in the presence 
of the carrier, only those resultant 
signal vectors w^hich have compo¬ 
nents directly in phase or 180 de¬ 
grees out of phase with the carrier 
are detected. For the a-m detector 
the segregated and amplified car¬ 
rier should be in phase with the 
signal carrier, while for the p-m 
detector the segregated carrier 
should be in phase quadrature. 

Basie Circuit 

A more complete diagram of the 
system is shown in Fig. 4. The re¬ 
ceiver i-f voltage is fed in parallel 
to a crystal filter for segregation 



F!G. 2—STstum by which amplltudu 
cmd phoM* modulation eompononts oro 
indopondoBtly dotoetod 




d62 


aECTRONICS AAANUAL RM RADIO ENGINERS 


of the signal carrier, and to two 
detectors through isolating ampli¬ 
fiers. The segregated carrier from 
the filter is amplified and fed to 
the two detectors, with the carrier 
voltage to one detector being 
shifted 90 degrees in phase. 

One of the detectors detects 
amplitude modulation and the 
other detects quadrature modula¬ 
tion. For equal applied voltages, 
the outputs of the amplitude and 
quadrature detectors are equal. 
Thus, in the simultaneous recep¬ 
tion, for example, of a pure a-m 
wave and a heterodyne interfer- 
mce wave, the amplitude-modula¬ 
tion detector will respond to both 
the a-m signal and to the hetero- 



FIG. 3—^Boloac^d r«ctlller is ussd to 
dotoct oltlior a-m or p*iii componoats ol 
input, but not both 


dyne signal, while the quadrature 
detector will respond only to the 
heterodyne signal. Consequently 
if the output of the quadrature de¬ 
tector is combined in the proper 
phase with the output of the ampli¬ 
tude-modulation detector, cancella¬ 
tion of the detected heterodyne 
signal will result. The output of 
the quadrature detector must be 
shifted an additional 90 degrees to 
bring its output signal into opposi¬ 
tion to the heterodyne signal from 
the other detector. Also the output 



FIG. 4—By mscDBs el liiters and phase shifters, the interfering carrier heter^ 
dyne can be eihainoted In the detector stage, leorlag only the desired signal 


of the quadrature detector must be 
shifted an additional 180 degrees 
when the heterodyne interference 
wave changes frequency from 
above to below that of the carrier. 

Detecting systems, other than 
that described, are also usable. 
For example, a single diode to 
which the segregated carrier and 
received signal are applied will 
detect substantially only those sig¬ 
nal components in phase with the 
segregated carrier, provided that 
the voltage of the segregated car¬ 
rier greatly exceeds that of the 
total signal. 

It is interesting to note the ef¬ 
fects of the large , phase shifts 
which occur in the crystal filter 
when the incoming carrier is 
slightly off resonance. One such 
effect causes detection of ampli¬ 


tude-modulated signals by the 
phase-modulation detector, be¬ 
cause if the carrier is not at ex¬ 
actly 90 degrees phase difference 
with the amplitude-modulation 
components some detection of 
these components will result. This 
effect of carrier phase shift can be 
overcome by biasing the detectors 
so that the segregated carrier volt¬ 
age will exceed the bias voltage 
only when the phase shift in the 
crystal filter is less than a prede¬ 
termined amount which should be 
less than 45 degrees, at which con¬ 
dition the outputs from the two 
detectors are equal. 
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Surge Protection of Pilot and Heater Circuits 


Engineerino a satisfactory cir¬ 
cuit arrangement for the pilot 
lights and heater string in trans¬ 
formerless radio receivers and an- 


ly lALPH P. CLOVER 

plifiers has always been a trying 
problem. Pilot lights flare up when 
the set is flrst turned on, ultimatdy 
settle down to an illuittinati<m level 


which is frequently either too low 
for a satisfactory visual effect, or 
too high for reasonable pilot light 
life. And when the pilot light bums 
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out due to oft repeated surges or 
over-voltage operation, or opens 
due to mechanical failure, the set 
either operates at appreciably re¬ 
duced efficiency or is totally dis¬ 
abled by the resulting subnormal 
heater voltage. 

The growing use of selenium rec¬ 
tifiers has focused attention on 
these problems, for the rectifier 
tubes which were displaced had 
acceptable (though operationally 
not too satisfactory) means for 
connecting the pilot light in the 
form of a tap on the heater. 

The falling resistance-temper¬ 
ature characteristics of negative- 
temperature-coefficient resistors, 
also known as semiconductors, ther¬ 
mal resistors, or thermistors, make 
possible an improved solution to 
the pilot light-heater circuit prob¬ 
lem, and resistors of this type have 
recently been designed into radio 
receivers for current production. 

Figure 1 shows the resistance of 
typical one-watt Keystone NTC 
units as a function of temperature. 
The temperature coefficient of re¬ 
sistance is negative, is much higher 
than that of ordinary metallic con¬ 
ductors, and depends upon the tem¬ 
perature. The NTC units are pro¬ 
duced from rare earth oxides in 
values ranging from 1.0 ohm to 1 
megohm at room temperature. The 
size and shape of the piece may be 
varied over a considerable range to 
achieve suitable electrical and ther¬ 
mal properties. 



Circuit' Opurofion 

If an NTC resistor is connected 
in series with other circuit resist¬ 
ance, the initial total resistance 
will be the sum of those due to the 
unit at ambient temperature and 
to the remainder of the circuit. If 
voltage is applied across the circuit, 
the initial current will be that cor¬ 
responding to the above initial re¬ 
sistance. However, the I*R loss in 
the resistor unit immediately be¬ 
gins to elevate its temperature and 
there is an accompanying and cor¬ 
responding fall in resistance and an 
attendant increase in current. 
These changes continue progres¬ 
sively until equilibrium is reached, 
after which the current and the 
temperature and resistance of the 
unit remain at the equilibrium 
value. This value may be defined as 
that corresponding to the condition 
for which the attained temperature 
rise of the unit above its ambient 
is sufficient to produce heat loss at 
the same rate as electrical energy 
is being supplied. 

The cold resistance of vacuum- 
tube heater circuits is exceedingly 
low compared with the normal con¬ 
tinuous operation value, and hence 
there is a heavy current surge at 
switch-on. The pilot light, with its 
relatively small and fragile filament 
which is continuously evaporating 
in service, is less well adapted to 
withstand surges of the order of 
three to four times rated current, 
with the result that conventional 
series arrangements of pilot light 
and heater lead to burn-outs much 
earlier than is the case for more 
nearly constant voltage operation. 

Figures 2 and 8 shows a number 
of practical circuits for 160 and 
300-ma heater strings in combi¬ 
nation with one or two type 47 pilot 
lights and suitable resistor units. 
Many other circuit arrangements 
are possible with the indicated NTC 
units or other values; the particu¬ 
lar t 3 rpes shown here, however, are 
likely to show advantages in cost 
and ready availability over special 
units in limited quantities. 

Figures 2A and 2B are simple, 
basic 150-ma circuits in which the 
resistor unit supplies cushioning 



FIG. 2—For 150-ma hootor tuboi. tho noeo- 
tlvo tomporoturo coofficlont rooltlort eel 
at tho only vollago dropping unit 


of the initial surge and acts as the 
sole voltage - dropping resistor. 
Surge voltages across the pilot light 
may be limited to peak values of 
the order of 160 percent or less of 
rated voltage. Figure 2C uses two 
pilot lights, and a low-wattage fixed 
resistor is shunted across the re¬ 
sistor unit to achieve the desired 
operating characteristics. 

Figure 3 shows arrangements for 
different heater voltage require¬ 
ments with 300-ma tubes. These 
circuits employ the same NTC unit 
for the sake of standardization, the 
fixed resistance elements being 
varied to secure the desired result. 
It does not appear feasible to se¬ 
cure the total voltage drop for most 
300-ma applications in the resistor 
unit alone, since a sufficiently large 
piece would have an excessively long 
thermal time constant. 

Figure 4 shows simple and inex¬ 
pensive means for automatically 
restoring circuit conditions upon 
failure of the pilot lamp, and the 
method is applicable regardless of 
the way in which the operating 
voltage for the lamp is secured. 
The resistance of the shunt pro¬ 
tective unit is normally high com¬ 
pared with that of the pilot light. 
When the pilot fails, a substantial 
proportion of the total circuit volt¬ 
age appears across the resistor 
unit, followed by an extremely 
rapid drop in resistance to a value 
approximating that of the pilot 
This change takes place in a mat- 
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FIG. 3—Circulti for 300-ma heat«r stringer 
using type LA-701 NTC resistor units 


ter of a few seconds before the op¬ 
erating temperature of the heaters 
has had an opporunity to change 
appreciably. In several applications, 
less than 3 percent change in total 
heater string voltage has been ob¬ 
served with the pilot light in and 
out of the socket. The LA-701 re¬ 
sistor for pilot light shunting is the 
same as that employed for voltage 
dropping and compensation in 
Fig. 3. 

For these applications, it is in¬ 
herent that the NTC units attain 
high final operating temperatures 
(around 300 F) to bring about the 
necessary resistance change in a 
suitable time interval. Moreover, 


the high operating temperature 
brings the unit to a point on the 
characteristic curve where the tem¬ 
perature coefficient is relatively low, 
and hence the effect of normal 
changes in ambient room temper¬ 
ature with season and geographi¬ 
cal location on operating voltages 
is relatively small and unimpor¬ 
tant. 

Locofing in Chustis 

The high operating temperature 
presents no special problems to the 
receiver designer and it is neces¬ 
sary to observe only a few simple 
precautions in applying the units 
to production set design. These are: 

(1) The resistor unit should be sus¬ 
pended in air and should not be in 
contact with any part or component; 

(2) Leave the resistor leads as long 
as is consistent with space and me¬ 
chanical support considerations, 
and anchor to large terminal lugs 
if there is any choice. This will 
result in the greatest possible tem¬ 
perature drop between the resistor 
and the supporting insulation; (3) 
Make sure that operating voltages 
are checked with the resistor unit 
in the proposed location after ulti¬ 
mate operating temperatures are 
reached at the room ambient condi¬ 
tions which are applicable. Some 
adjustment of operating voltages is 
possible by relocating the unit in a 



FIG. 4—^Pilot lomp thunting circuits for 
type LA-701 uniti. About three percent 
change in total heater voltoge occuri 
when the lamp burnt out 

warmer or cooler position in the 
set. 

For convenience, the resistance 
characteristics of the NTC units 
employed in the illustrated circuits 
are tabulated below. The rating 
resistance applies to a temperature 
of 100 F, no current. In produc¬ 
tion, tolerance is plus or minus 20% 
of the rating resistance. Voltage 
drop is measured in open air and 
allowance for confined space or in¬ 
crease due to other components 
must be made. 



Resist- 

Operating 

Voltage 

Type 

ance 

Current 

Drop 

701-30 

912 

0.15 amp 

27 V 

701-15 

790 

0.15 amp 

15 V 

87-73C 

2,000 

0.15 amp 

9.2 V 

LA-701 

250 

0.15 amp 

10 V 


Use of Shunt Diode for Supplying Bias Voltage 


It is an unfobtunate fact that 
radio men in general do not recog¬ 
nize the full potentialities of the 
shunt diode. In the two bias sup¬ 
plies to be described, shunt diodes 
are used for rectification with at¬ 
tendant advantages. 

The conventional bias supply for 
amplifier use is shown in Fig. 1. In 
this circuit, a diode (usually a 
6X5) is reversed and used as a 
half-wave rectifier for negative out¬ 
put. Because the heater-cathode 
rating will usually be exceeded, it 
is necessary to use a separate 
heater winding which frequently 


means an extra filament trans¬ 
former. Then, because the voltage 
across the input filter capacitor is 
often too high, it must 1^ limited 
by i?,. If we want only a hundred 
volts or less of bias (say for 2A8 ’b) , 
we must have an additional drop¬ 
ping resistor Bs. This requires two 
power resistors, which means power 
wasted and a lot of heat dissipated. 

The circuit of Fig. 2A, uses a 
shunt diode with the cathode 
grounded, so there is no problem of 
heater supply. The load is tied 
directly across the output filter 
capacitor and the dropping resistor 



Fig. 1— Coavenlioaal mMoA of obkda- 
Ing bios Iron tho bIglMrollafO wtadlng 
of tho power ttoBofomor 


is eliminated. The capacitors work 
at low voltage so their rating need 
not be high. The entire voltage drop 
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is accomplished in the input capaci¬ 
tor C with, obviously no loss of 
power and no heat. 

For an output of 100 volts at 
about eight milliamperea (to 2Al\ 
grid-voltage control potentiometers 
or other load), C will be of the order 
of 0.1 fit. It will vary with line fre¬ 
quency and load requirements. If 
separate bias voltages are not re¬ 
quired, the load (which is merely a 
grid return to ground) may be re¬ 
moved from the output capacitor 
and placed across the diode as 
shown in the alternate circuit of 
Fig. 2B. The grid returns are con¬ 
nected to the filter output. Since 



Fiq. 2—At A is a circuit for obtaiaing 
bias with a shunt diodo. Capodtor C 
octs in conjunction with tho lood re¬ 
sistor to form a Toltago divldor. When 
only one bias voltoge is needed, the 
circuit shown ot B moy be used 


the filter is then unloaded, this will 
provide even better filtering. 

The circuit of Fig. 2A, with the 
values shown, delivered 100 volts 
across four 5000-ohm potentiom¬ 
eters connected in parallel to supply 
the grids of push-pull parallel 
2A3'a. The ripple level was 0.01 
volt. 

Proclicol Ctrcuif 

An adaptation of this circuit is 
shown in Fig. 3A. This is intended 
as a source of 3 volts bias for r-f 
and i-f stages of deluxe receivers, 
thereby saving cathode bypass 
capacitors and resistors, and the 
space they occupy. This circuit will 
deliver up to 9 volts from a 6.3-volt 
heater line, depending upon C and 
R,, The value of the filter resistor 
Ra may be of the order of 50,000 or 
100,000 ohms. It is not critical. 

Figure 3B shows the circuit ap¬ 
plied in a high-fidelity receiver as 
source of bias and avc delay voltage. 
The avc diode (also wired in shunt) 
is fed from the plate of the last i-f 
stage so that the flywheel effect of 
the transformer secondary will iron 
out the peak shunting due to the 
diode and hence eliminate distor¬ 
tion from this source. The detector 
is of the infinite-impedance type 
and will not load the secondary and 
so reduce the Q, The cathodes 
throughout the set may be 
grounded. 

Figure 3C shows a half-wave 
voltage doubler supplied from the 



Fig. 3—Biai voltage for r-f ond i-f itaget 
U obtained from the simple circuits at 
A. By supplying the rectifier plate from 
the heoter line, up to nine volts of bios 
is provided. B is for use in an high- 
fidelity receiver. Bias for beam-power 
tubes is provided by the circuit at C. 
a half-wave voltage doubler whose out¬ 
put is 18 volts at an input of 6.3 volts 
rms 


6.3-volt heater line that will provide 
up to 18 volts (again depending on 
C and R) to pentode and beam- 
power tube grids for fixed-bias 
operation. 


Diode Contact Potential for Negative Bias 

By HOWARD T. STERLINB 


Ever since the discovery of the 
so-called Edison effect, contact po¬ 
tential has been a source of interest 
and frequently of annoyance to 
workers in electronics. It can, 
however, serve as a convenient 
source of bias in high gain audio 
amplifiers and in the r-f and i-f 
stages of receivers. 

When a diode is connected as 
shown in Fig. 1 there will be a d-c 
output voltage of from zero to 


something over 1 volt depending 
upon the value of the load resistor. 
The curve in Fig. 1 shows this char¬ 
acteristic for a typical 6H6 diode. 
This curve should be taken merely 
as indicative; the exact voltage de¬ 
veloped will depend on several 
factors, such as heater voltage and 
the condition of the cathode. Other 
rectifiers will conform approxi¬ 
mately to this characteristic. 

In a triode, the grid will demon¬ 


strate the same sort of phenomenon, 
since it acts as a diode plate. It 
has become common practice to 
operate high-mu triodes as shown 
in Fig. 2A, using a high value of 
grid resistance, and hence permit¬ 
ting the tube to bias itself. A re¬ 
finement of this system is to use 
one of the diodes of a tube like a 
6SQ7 to provide bias, as shown in 
Fig. 2B. In this case the audio 
bypass capacitor C is necessary only 
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Fig. 1—Diod* contoct poiantial lncr*OMs as 
▼alue oi load rosistor Is iDcrsasod 



Fig. 2 — Convontioaai soU-bioslag drcnit 
usod with high>mu triodos (A). Diodo soe- 
tlon oi duo<dlode trlodo Is usod to lunilsh 
bias (6) 


Fig. 3—^liiltlal diods bios on are Uao soros 
capodtofs and roslston In t4 and l-i 
eolbodo circuits, also proridM ihroshold 
ooltog# for dolayod ore 

when the peak signal approaches 
the bias voltage. 

In a receiver with a number of 
r-f and i-f stages, considerable sav¬ 
ing in cathod^ resistors and bypass 
capacitors may be achieved by the 
use of an initial diode bias on the 
avc line, as shown in Fig. 8. Two 
diode sections are shown connected 
in series across the avc line with an 
avc decoupling resistor of two 
megohms. With a load of one 
megohm per diode, it can be seen 
from Fig. 1 that there will be an 
initial bias on the r«f and i-f tubes 
of 0.8 volt per diode or 1.6 volts 


total, which is more than enough 
for most modern tubes. In the 
circuit shown, the 1.6 volts fur¬ 
nished by the series diodes acts as 
delayed avc threshold voltage. If 
more bias and/or more avc delay is 
desired, a second double diode may 
be connected in series with the 
first. It may be noted that one of 
the diodes of the duo-diode triode 
is used for triode bias in this cir¬ 
cuit. 

In a diode detector, the niajor 
source of distortion.apparently lies 
in the fact that the d-c load and the 
audio load on the diode are not 
equal. In a typical circuit shown 
in Fig. 4A, the d-c load consists of 
Rx and Rt in series. For audio fre¬ 
quencies, however, there is the ad¬ 
ditional load of Rt plus the effect of 
R^ in parallel with whatever part of 
R» is in use. Common practice is 
to make R^ as high as possible, usu¬ 
ally about 10 megohms. This is in 
keeping with the use of contact po¬ 
tential bias in a high-mu triode. 
Rtx is made as high as is permissable 
for use in the grid circuit of the r-f 
and i-f tubes. This value is usually 
limited to 2 megohms, representing 
a somewhat more serious load on 
the diode. Distortion from this 
source, that is, the audio load of 
the avc decoupling resistor, may be 
eliminated by the use of a separate 
diode as avc rectifier, as was com¬ 
mon practice several years ago. 

A simple form of delayed avc may 
be realized in this manner by bias¬ 
ing this diode so that it will not 
conduct until the avc threshold has 
been reached. The disadvantage of 
this method is that with signals of 
the same order of magnitude as 
this threshold, the avc voltage will 
be dependent upon the modulation. 
With normal modulation percent¬ 
ages this effect is not too serious. 

A separate avc rectifier lends it¬ 
self to use with contact potential 
bias as shown in Fig. 4B. In this 
case, since Rt is returned to the 
negative bias voltage, R, will have 
to be returned to a point several 
volts positive with respect to the 
cathode so that the diode will not 
be cut off. 

A number of combinations sug; 


gest themselves in assembling a 
practical circuit. The double-diode 
triode can be used together with 
another double diode as in Fig. 6A. 
Here, the triode is conventionally 
biased and any additional avc delay 
desired may be achieved by in¬ 
creasing the value of the resistor R. 



Fig. 4 — ConvaBtloaol dat«cter.ave dieeM 
uiM commoii died# (A). To mlnlmlia die* 
lortfon. Mporota datoctar oad are diode 
are combined with contact-potentlol bias 
drenlt (B) 



Fig. $—AddlliOBol are delay nuity be bod 
by laereoiliig vaHie of 1 (A). Masbaam 
•Impllelly oad economy el ports ma 
cMldered by nse of one diode isrtl.SB let 
baib ondle grid bios and r4 and 14 bias (11 
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A circuit similar to that in Fig. 8 
may be used with an additional 
double diode, of which one section 
can be the avc rectifier and the 
other section can be put in series 
with the bias diodes to provide ad¬ 
ditional bias and delay voltage. A 
system using one diode for both 
audio grid bias, and as part of the 


r-f and i-f bias, is shown in Fig. 5B. 
This circuit makes use of all the 
considerations put forth in this 
paper, and represents what is prob¬ 
ably the maximum in simplicity and 
economoy of parts. 

In using any of these diode bias¬ 
ing systems, it should be remem¬ 
bered that the contact potential 


will vary widely with change in 
heater voltage, and should be used 
for bias in circuits where stability 
is important only when the circuit 
is balanced. Examples may be 
found in some vacuum-tube volt¬ 
meters where the contact potential 
of the diode used as rectifier is bal¬ 
anced by that of a second diode. 


Remote Tuning with Reactance Tubes 

Remotely-located radio receivers are tuned over a limited 
band by means of reactance tubes connected across their 
oscillator tank circuits. The reactance tubes are con¬ 
trolled by direct voltages applied over connecting tele¬ 
phone lines 


By H. B. BARD. 4r. 


I N MOST radio receiving stations 
involving remotely controlled 
equipment it is desirable to be able 
to exercise at least a limited amount 
of tuning from the control location. 
Transmitter frequencies will vary 
slightly within the permissible tol¬ 
erance allowed. In order to compen¬ 
sate for such slight variations it is 
necessary to shift the receiver fre¬ 
quencies slightly to provide opti¬ 
mum reception. 

Several means have been util¬ 
ized in the past, such as motor- 
driven tuning capacitors, stepping 
relays which switch in various crys¬ 
tals or capacitors, and the transmis¬ 
sion of i-f signals over telephone 
lines. Each of these systems has its 
merits but from the constructional 
standpoint they are complicated 
mechanically or electrically, or do 
not provide continous variation of 
the controlled frequency. 

■mis Priasipis 

An electronic, continuous, and 
simple means of control can be 
adhieved by utilizing a reactance- 
tube circuit. Such a circuit is one in 


which a direct-current or voltage 
variation is converted into a varia¬ 
tion in impedance at the output 
terminals. The impedance variation 
may be either capacitive or induc¬ 
tive, depending upon the compon¬ 
ent parts used in the circuit, and 
is achieved by the use of a tube 
that draws from its load either a 
leading or lagging current with 
reference to the impressed voltage. 

The use of reactance tubes is 
common in the automatic-fre¬ 
quency-control circuits of receivers 
and in the modulators used in some 
t3q)es of frequency-modulated radio 
transmitters. 

Figure 1 shows a basic reactance 
tube circuit in which a change in 
d-c voltage on the control grid, 
through Ri, produces a reactance 
change between points A and B. 
Capacitor C, is a blocking capacitor. 
Cl is a phase splitting capacitor, and 
Ci, Ct, and C. are bypass capacitors. 
Resistor JZ. merely drops screen 
voltage to a desirable value. 

Points A and B are attached to 
the circuit over which control is 
desired. In the example under dis¬ 


cussion in this instance, a receiver 
oscillator is to be controlled and 
therefore AB is connected across 
the oscillator tank circuit. Inas¬ 
much as the impedance presented at 
AB may have a resistive term, there 
will be some loading of the oscil¬ 
lator circuit by the control tube. The 
magnitude of the resistive term di¬ 
minishes as the phase difference be¬ 
tween the grid voltage and the im¬ 
pressed voltage at AB approaches 
ninety degrees. 

C-W vt. Voice Reeeptieii 

When tuning a receiver by means 
of the reactance-tube circuit several 
different methods may be used. 
Where reception is limited to voice 
signals, it is necessary to control the 
high-frequency oscillator, but for 
the reception of C-W telegraph 
signals the control may be applied 
to the beat-frequency oscillator and 
the high-frequency oscillator may 
be crystal controlled. 

The range of frequency variatiem 
at 6 me when the high-freqnency 
oscillator is controlled may be as 
high as 30 kc with a 12-volt bias 
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variation. When the control is ap¬ 
plied to the beat-frequency oscil¬ 
lator at 465 kc the available varia¬ 
tion in beat note is approximately 
10 kc each side of zero beat for a 
total bias variation of 12 volts. The 
amount of variation, or control, is 
largely determined by the amount 
that the grid bias on the reactance 
tube is varied and the value of the 
coupling capacitor C,; the larger 
this capacitor the greater the con¬ 
trol. 


Circuit Variation 

Figure 2 shows schematically a 
typical installation in which two re¬ 
ceivers are remotely controlled over 
two telephone lines. Closing the 
dp.st power switch at the office turns 
on the office amplifier and al.^o 
turns on the remote receivers. Clos¬ 
ing the tuning switch at the office 


applies bias to the two rejnotely 
located reactance tubes. Variation 
of the tuning-control potentiometers 
changes the output reactance of the 
two reactance tubes and accomp¬ 
lishes the desired tuning. Audio 
output of the two receivers is fed 
back to the office over the associated 
teleiihone lines and applied to the 



FIG. 1—Fundamiintal reactance-tube 
tuning circuit 


office amplifier input through po¬ 
tentiometers and spst switches pro¬ 
viding individual control. 

In this instance one remote re¬ 
ceiver is used for c-w reception and 
the other f(»r voice and therefore 
one reactance tube controls a beat- 
frequency o;cillator while the other 
controls a high-freciuency oscillator, 
as previously outlined. Where both 
c-w and voice are to hi* received 
with one re'ei\'cr it is a simple 
matter to arrange remote switching 
(jf a reactance tube from beat-fre- 
(piency oscdllator to high-fre(|uency 
oscillator or vice versa. In such in¬ 
stances additional relays are con¬ 
nected in series with the power re¬ 
lay and adjusted to i)ull up at dif¬ 
ferent currents. An additional po¬ 
tentiometer included in the relay 
battery circuit ])ermits suitable cur¬ 
rents to be selected. 



FIG. 2—^Ramota-timing orrangament sultobla lor hoadling two rocelTori. Addition of 
othor relays and anotber potontiomoler pormits o number oi varloUons discussed in the text 
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Continuously Variable Radio Remote Control 

Phase-shifting properties of a resonant circuit provide automatic self-adjustment of a radio 
control system. Guided missiles, aircraft, satellite transmitters, and telemetering systems can 
be radio controlled by the stepless positioning provided 

By DAVID W. MOORE, JR. 



FIG. 1—^Neor rMSononcM. th« phat« anql* changes rapidly. Adrontags of this 
charocterlstlc is taken in design of the control system 


T he heart of any type of re¬ 
motely operated device is the 
control method used. Its speed of 
response, accuracy, and ease of oper¬ 
ation must all be satisfactory or the 
efficiency of the controlled object will 
be impaired. In some applications, 
such as guided missiles, the equip¬ 
ment for locating the missile with 
respect to the target may be more 
complicated than that for effecting 
control, but the control must be satis¬ 
factory to insure the success of the 
missile. 

The basic problem of radio control 
may be stated as that of definitely 
positioning a rotating shaft by 
means of signals transmitted on a 
radio channel. Many methods have 
recently been developed for doing 
this on a step by step basis in which 
the controlled .shaft positions itself 
in definite increments in response to 
the control signal. Some systems 
merely control the direction of rota¬ 
tion of the controlled shaft, the dura¬ 
tion of the running determining the 
ultimate shaft position. In compar¬ 
ison to these control means, a smooth, 
stepless, and definite positioning de¬ 
vice is usually preferable. 

The radio control system to be 
described is this latter type, and its 
operation is obtained from the phase- 
shifting properties of an electrical 
series resonant circuit that consists 
of an inductance and capacitance in 
series. The phase of the current flow¬ 
ing through a series resonant circuit 
is A function of the relation of the 
resonant frequency of the circuit to 
the applied voltage frequency. If the 
resonant frequency of the circuit is 
the same as the line frequency, the 
current flowing will be in phase with 
the line voltage and the series reso¬ 
nant circuit is said to be tuned to 
resonance with the line. 

If the line frequency is varied 


above or below the resonant fre¬ 
quency of the circuit, the phase of 
the current with respect to the line 
voltage will vary as a function of 
this frequency difference. Figure 1 
illustrates graphically this phase- 


shifting property of the series reso¬ 
nant circuit. 

The rate of change of the phase 
angle close to the point of resonance 
is particularly interesting and is the 
characteristic that makes possible a 
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gensitivc'-control system. The effect¬ 
ive Q, or figure of merit, of the 
circuit elements used controls the 
slope near resonance, the higher the 
Q the greater the rate of change of 
phase angle. Values of Q of five to 
ten, which can easily be obtained 
with commercial inductors, will en¬ 
able a very sensitive control. 

lit* of $*rvo Motor 

Figure 2 shows how a circuit of 
this type may be used in conjunction 
with a phase-sensitive servo to con¬ 
trol the speed and direction of rota¬ 
tion of a shaft. The phase-sensitive 
servo used is a conventional two- 
phase motor which is sensitive to 
small, phase angle shifts. The reso¬ 
nant circuit consisting of C, and Li 
is in series with phase 1 of the motor 
and so controls the phase of the cur¬ 
rent flowing through that motor 
winding. Phase 2 is connected di¬ 
rectly across the line and, because it 
is wound to be essentially resistive, 
the current flowing through it is ap¬ 
proximately in phase regardless of 
the line frequency. 

The torque output of a two-phase 
motor is proportional to the product 
of the current in phase 1 and phase 
2 and the sine of the phase angle 
between the two currents. Figure 1 
shows that the phase of the current 
through phase 1 can be varied by 
changing the line frequency. By 
adjusting this frequency above and 
below the resonant point of Li and 
Cl, the current through phase 1 can 
be made to either lead or lag the 
current through phase 2, thus caus¬ 
ing the servo motor to develop torque 
in either direction. 

If the line frequency is equal to 
the resonant frequency of the tuned 
circuit, the current in phase 1 will 
be in phase with the line voltage and 
also in phase ^ith the current 
through motor winding 2. This con¬ 
dition will result in zero torque, or 
a condition of equilibrium. 

Because the line frequency can be 
transmitted by radio, we have a 
means for remotely controlling the 
operation of a servo motor. Thyra- 
tron tubes can be employed as phase- 
sensitive servos instead of a two- 
phase motor, to control large moton 
by a small amplifier. 



PIG. 2—Th* r*a*oa€uit circuit formed by Li 
and Cl control* tb* current flowing through 
the motor winding of phoee 1 


Motor Costrolt Isdoctosce 

For most control applications, a 
control which definitely positions the 
controlled shaft is desired rather 
than one which only governs the ro¬ 
tation of a servo motor. Figure 8 
shows how the servo motor of Fig. 2 
can be coupled mechanically to a 
variable Li. If the motor is phased 
correctly, it will automatically tune 
the circuit L, and C, to resonance 
with the applied voltage by varying 
the value of L,. The position of the 
shaft which controls the value of Li 
is a function of the value of L, and 
therefore of the line frequency, be¬ 
cause Lx is automatically adjusted to 
keep circuits tuned to line frequency. 

In appearance, the variable induc¬ 
tance resembles a motor. There are 
no windings on the rotor, and conse¬ 
quently no brushes or slip rings to 
wear and deteriorate. The inductance 
variation is linear for a little more 
than sixty degrees rotation of the 
shaft. 

VelMS ef eimlt 

A range of line frequency is neces¬ 
sary to position the shaft of L. 
throughout its range of some sixty 
degrees. The magnitude of this fre¬ 
quency band is determined by the 
inductance value and that of the 
tuning capacitor. Typical calibrations 
are shown in Fig. 4 and 6. 

Referring to Fig.4» control 



FIG. 3—Coupling the eenro motor to L, 
provides outomatlc tuning of the motor 
circuit to the line frequency 


throughout sixty degrees of induc¬ 
tance shaft rotation requires a fre¬ 
quency band of from 60 to 80 cycles. 
In this example the inductance value 
is 20.5 henrys and the tuning capac¬ 
itor 0.283 yit. The inductance of the 
motor winding in series with the 
resonant circuit is 5.65 henrys. 

The control whose calibration is 
shown in Fig. 5 was adjusted for a 
different frequency band, seventy 
degrees of motion being controlled 
by a frequency variation from 135 to 
198 cycles. The value of inductance 
is 28.2 henrys and the tuning capac¬ 
itor is 0.033 /if. 

Both of these controls could be 
transmitted on one carrier requiring 
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no. S-^-4l«T«nty d*gr««s of rotoiy motloB 
w«r« obtalii«d by lulag lr«qii«ielM 
b«twMii 135 ond 198 eyclM 


an audio band of from 50 to 198 
cycles. More controls at higher fre¬ 
quency bands could be added. For a 
large number of controls on one car¬ 
rier, though, a subcarrier frequency 
system should be employed which 
would enable a practically unlimited 
number of controls especially if 
microwave transmission is employed. 
The carrier with the numerous sub¬ 
carriers could be beamed to the con¬ 
trolled unit along with any other 
necessary intelligence. 

Torqva^rror Data 

The relationship between the 
torque generated by this system of 
radio control and the error between 
the control resonant frequency and 
the frequency of the voltage applied 
to the control is shown by the graph 
of Pig. 6 The solid lines illustrate 
the motor torque for different applied 
frequencies for three settings of the 
control. The graph covers a band of 
50 to 75 cycles with the control set 
at 62, 60, and 78 cycles. These con¬ 
trol setting frequencies are the fre¬ 
quencies to which Li and C^ are set. 
Zero torque is not usually obtained 
when these frequencies are im¬ 
pressed upon the control due to slight 
phase shifts in phase 2 with changes 
in fl^uency. 

The dotted lines show the motor 
torque for various constant displace¬ 
ments between the control setting 
and applied frequency throughout 
the bands. For example, it may be 
seen that for a one-percent deviation, 
substantially 0.025 inch ounce can 


be obtained at any place in the band. 
Five-percent deviation increases this 
torque to 0.18 inch ounce. 

From these charts the operation 
of a system of this type can easily 
predicted. These figures are tsrpical 
only of the control constructed and 
more or less torque could be obtained 
by suitable design. The torque out¬ 
put shown is that obtained at the 
motor shaft and gearing to bring 
this up to the required amount must 
be employed. 

The tuned circuits of this radio 
control method are natural lUters and 
help to minimize any effects due to 
harmonic content of the applied fre¬ 
quency. However it is best to keep 
the harmonic content low. If trouble 
were experienced from this source, 
additional harmonic filters could 
easily be included. Phase shifts in 
the filters would not affect the opera¬ 
tion. 

Figure 7 is a schematic of a com¬ 
plete single-channel control system 
which has been designed to permit 
very close tracking between the posi¬ 


tion of the transmitting inductance 
shaft and the position of the con¬ 
trolled inductance shaft. The trans¬ 
mitting inductance is electrically 
identical to the controlled inductance 
and, the tuning capacitors are also 
equal; thus Li = L» and C, = C,. 

The radio position transmitter is 
designed to operate in conjunction 
with a standard type of audio-fre¬ 
quency oscillator and adjusts the tun¬ 
ing control of the oscillator until its 
output frequency is equal to the reso¬ 
nant frequency of the circuit LiC,. 
Tlie resonant frequency of this cir¬ 
cuit is adjusted to the desired value 
by setting L», manually or otherwise. 
The oscillator frequency is then 
transmitted by radio to the radio 
position receiver. 

The radio position receiver tunes 
itself to the oscillator frequency, 
and, because the tuned circuit con¬ 
stants are identical elements, L, is 
driven by the servo motor to a posi¬ 
tion corresponding to the position of 
Lt, effecting the desired control. 

The detailed operation is as fol- 
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FIG. 7—Estentlal units of tho receiver and transmitter of the radio control system 


lows: First, L, is adjusted, setting 
the resonant circuit L,(7i to a definite 
resonant frequency. The audio oscil¬ 
lator output is impressed across the 
radio position transmitter circuit 
which is like that shown in Fig. 3, 
except that the servo motor adjusts 
the audio oscillator frequency in¬ 
stead of the inductance L,. Thus the 
servo motor tunes the oscillator to 
the resonant frequency of L.C, in¬ 
stead of adjusting Lx to tune L,C, to 
the oscillator frequency. 

The radio position receiver* is 
identical to Fig. 3, the servo motor 
adjusting L. to tune L/Ja to the os¬ 
cillator frequency which has been 
transmitted by radio. The control 
shafts of inductances Lx and L., are 
thereby synchronized. 

The purpose of this circuit is two¬ 
fold. It permits a linear response be¬ 
tween the transmitting and con¬ 
trolled shafts which makes for ease 
of control in many applications. It 
also automatically compensates for 
frequency drift in the audio oscil¬ 
lator due to temperature or supply 
voltage changes because the servo 
motor will retune the oscillator 
should frequency variation occur. 

If a subcarrier system were em¬ 
ployed, the desired number of con¬ 


trols would be set up and each oscil¬ 
lator output would modulate a sub¬ 
carrier. The subcarriers would be 
transmitted by a high-freciuency 
carrier to the controlled device. Tht? 
frequency of the carrier would be 
determined by the number of subcar¬ 
riers desired. 

Small, two-phase, servo motors op¬ 
erating in the type of circuits 


shown will develop adequate power 
to set the controls of an automatic 
pilot in any aircraft to be remotely 
guided. More power, to adjust the 
aircraft control surfaces directly, 
could be easily obtained by having 
the two-phase, servo motor operate a 
hydraulic pilot valve or through the 
use of thyratron tubes. Other inter¬ 
esting variations can be worked out. 


Radio Control Circuit 


Model aircraft and boats can be 
remotely controlled by radio. A cir¬ 
cuit suitable for such applications 
where economy of space, weight, 
and battery drain is essential is 
shown in Pig. 1. The subminiature 
RK61 thyratron is used in a self¬ 
quenching superregenerative detec¬ 
tor to operate a high resistance re¬ 
lay upon reception^of a radio signal. 
Sufficient series plate load resist¬ 
ance must be used to limit the anode 
current to less than two milliam- 
peres; greater tube life will be ob¬ 
tained at lower currents. 

In the circuit either a 45-v bat¬ 
tery or raw a-c can be used for the 
plate supply; the filament requires 
1.4 y at 50 ma. In the absence of a 


radio signal the circuit is oscillating 
at audio frequency. When the r-f 
is received, a-f oscillations stop with 
a decrease in anode current from 



between 1.0 and 1.5 ma to between 
0.1 and 0.5 ma. Average anode cur¬ 
rent can be increased by increasing 
antenna coupling, decreasing the 
L/C of the tank circuit, or both. 
Maximum controllable current can 
be increased by increasing the 
anode bypass capacitance, decreas¬ 
ing the grid-leak resistance, or 
both. If the capacitance of the 
anode bypass capacitor is reduced 
and the relay replaced by head¬ 
phones, the Raytheon RK61 krypton 
and xenon filled thyratron will op¬ 
erate in this circuit as a conven¬ 
tional superregenerative receiver 
with an anode supply as low as 80 
V. It is not recommended for use 
above 100 me. 
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Carrier-Difference Reception of Television 

Sound 

Use of a common i-f amplifier for sight and sound signals reduces costs, eliminates local 

oscillator tuning and drift difficulties 

By R. B. DOME 


S EVERAL PROPOSALS have been 
made in the past for the use 
of a common amplifier channel for 
sight and sound in a television re¬ 
ceiver. Such a system would sim¬ 
plify the receiver, and render its 
operation free from the disturbing 
effects of local oscillator hum fre¬ 
quency-modulation and frequency 
drift. Most of these proposals are 
based on some form of multi¬ 
plex'* • wherein the sound signals 
modulate the picture carrier during 
the horizontal blanking interval 
when no picture information is be¬ 
ing transmitted. These methods 
may be classified as time division 
systems of transmission of intelli¬ 
gence, since the receiver employs a 
timergated amplifier which opens 
only during that portion of time 
devoted to the transmission of 
sound. 

Time division methods of sound 
transmission are weak for two 
reasons. The first is that the 
amount of power devoted to sound 
is relatively small which means 
that the signal-to-noise ratio will 
not be adequate over as long a 
range as if more average power 
had been used, and secondly, fail¬ 
ure of the gated amplifier to syn¬ 
chronize properly in noisy locations 
means a further decrease in aver¬ 
age signal-to-noise ratio. 

The disadvantages of time divi¬ 
sion systems may be overcome by 
the use of a frequency division 


system with simultaneous trans¬ 
mission of picture and sound 
signals exactly as in the manner 
used today in black-and-white tele¬ 
vision in the frequency bands be¬ 
tween 44 and 216 megacycles. 
There is nothing very complicated 
about such transmissions. The 
video signal modulates continu¬ 
ously one carrier frequency with 
amplitude modulation while the 
sound signal modulates continuous¬ 
ly another carrier frequency with 
frequency modulation. A conven¬ 
tional receiver arrangement has 
been commonly used in the past. 
The local oscillator beats the two 
carrier waves down to two inter¬ 
mediate frequencies. Here the re¬ 
ceiver is split into two i-f channels, 
a wide one for the picture, and a 
narrow one for the sound. Separate 
second detectors are employed: a 
simple rectifier for the picture, and 
a discriminator-detector for the 
sound. 

The objections to this type of 
receiver are: (1) Frequency modu¬ 
lation of the local oscillator at 
power frequency rates, if present, 
will show up in final detection as 
an unwanted component. (2) If the 
local oscillator frequency drifts 
excessively with warm-up or with 
changes in line voltage, the signal 
at the discriminator may wander 
so far away from the balance point 
that the signal may become noisy 
or distorted or even entirely lost. 


(8) The system is subject to micro¬ 
phonics in that the movement of 
oscillator tube elements or oscilla¬ 
tor circuit elements may produce 
frequency modulation which is de¬ 
tected along with the desired 
signals. 

Another type of receiver, which 
may be used to receive these simul¬ 
taneous transmissions, makes use 
of the frequency difference between 
the picture and sound carriers. The 
carrier-frequency-difference receiv¬ 
er does not depend on any precise 
local oscillator frequency for its 
successful operation. Instead, the 
high frequency which is finally to 
be detected is the difference be¬ 
tween the picture and sound carrier 
frequencies. In black-and-white 
television in the channels between 
44 and 216 me, this frequency dif¬ 
ference is 4.5 me, as set by the FCC 
standards. 

The receiver is constructed along 
fairly conventional lines. There is 
only one i-f channel. This is broad 
enough to pass both picture carrier 
and sound carrier plus the neces¬ 
sary sidebands of each carrier. In 
order that the wave applied to the 
second detector be dominated by 
the picture i-f carrier so that it 
can successfully demodulate the 
sound i-f carrier, it will generally 
be necessary to provide some atten¬ 
uation for the sound i-f. This may 
be done by means of absorption 
tnap circuits coupled to the i-f coils. 


era 
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A pair of such circuits with the 
proper Q’s and couplings will result 
in an i-f response characteristic 
which is characterized by a shelf 
several hundred kilocycles in width 
with its center about the mean 
sound i-f. Figure 1 shows the fre¬ 
quency response characteristic of 
a typical i-f. The shelf height 
should be comparable to the mini¬ 
mum level expected for the picture 
carrier. If, for example, the pic¬ 
ture transmitter does not modulate 
downward to any point below 16 
percent of the voltage difference 
between peak of the synchronizing 
signals and zero, the receiver slope 
will reduce this to 7.5 percent since 
the picture carrier should be half¬ 
way down the slope, and hence, if 
the sound carrier amplitude is 
equal to the black level of 75 per¬ 
cent, the shelf should be in the 
order of 7.6/76 or one tenth of 
the maximum height of the i-f 
response. 

With this treatment to the input 
to the second detector, the sound 
carrier will appear to the picture 
carrier as just another sideband so 
that in the detector output there 
will be found, in addition to the 
video frequencies, a 4.6-mc signal 
frequency-modulated with the 
sound. The 4.6-mc wave will be 
amplitude-modulated to some ex¬ 
tent by picture modulation, but 
this may be easily removed by the 


employment of suitable limiter cir¬ 
cuits at a later point in the re¬ 
ceiver. The amount of amplitude 
modulation present in the wave de¬ 
pends upon the ratio of the ampli¬ 
tude of the two carriers at the 
second detector and is given by the 
following equation to an accuracy 
of better than one percent 

ntnSiJBi f- . 3T 

( 1 ) 

where mE^ is amplitude of picture 
i-f, and aE^ is amplitude of sound 
i-f. 

To show graphically how e is af¬ 
fected by the picture modulation 
factor m, let aE^ be assigned a 
value of 1.0 and mEi assigned a 
range of values from 0.1 to 10. 
The resulting output e is then 
shown in Figure 2. It will be ob¬ 
served that as mEt decreases from 
10 to 1 the value of e decreases 
from 1.0 only to 0.715. Thus the 
limiter has only to remove some 
30 percent total modulation from 
the wave and not 100 percent. 

Figure 3 illustrates this effect in 
a different way. At Fig. 3A is 
shown the picture modulated wave 
with a minimum modulation of 16 
percent of the peak of the syn¬ 
chronizing pulses. Figure 3B shows 
the frequency modulated sound 
carrier having a level of 7.5 percent 
of synchronizing pulses. At Fig. 


3C is shown what the 4.5-mc wave 
looks like as a result of the wave 
at Fig. 3A demodulating the wave 
of Fig. SB. It will be noted that 
there is very little left for the 
limiter to do. 

The whole output of the second 
detector may then be amplified by 
the usual video amplifier. Thus the 
video and sound channels are still 
common. Separation of sound and 
picture may be made at the conduc¬ 
tor leading from the video ampli¬ 
fier to the picture tube, as shown 
in Fig. 4. A transformer has 
its primary 2 connected between 
the final video amplifier tube 3 and 
the picture tube 4. 

The primary circuit 2 is tuned 
to the difference frequency of 4.6 
me. This tuning will prevent that 
frequency from appearing as pic¬ 
ture modulation on the cathode-ray 
tube screen. At the same time it 
will provide a circulating current 
of considerable strength in the pri¬ 
mary. This current is sufficient to 
induce a 4.6-mc wave in secondary 
6, which is tuned to 4.5 me. The 
secondary is connected to a tube 6 
which serves as a limiter-amplifier 
to feed discriminator-transformer 
7 and balanced-detectors tube 8 
and tube 9. These tubes detect the 
frequency modulation present on 
the 4.6-mc wave and the resulting 
audio output is fed to audio ampli¬ 
fiers and to a loudspeaker for 
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FIG. 3—Modiilcrt»d light cantor (A)« louad earrtor (B)« and coni' FIG. 4—Schomcrtle of tho corrtor-difloronco sonnd lyitom. Tho 

hlnod f-m corrlor ihowlag illght ampliludo modulation (C) l^m cound corrtor to token dlroctly from tho plcturo-tubo grid 


translation into sound. Another 
limiter tube may be added prior to 
tube 6 if cascade limiters are 
desired. 

Thus a very simple receiver is 
effected which uses but few tubes 
and circuit components for sound 
and which has important improved 
characteristics over the conven¬ 
tional receiver. A nominal amount 
of drifting of the local oscillator 
frequency is of no consequence be¬ 
cause the 4.5-megacycle frequency 
has been determined by quartz 
crystals at the transmitters and 
this difference frequency is held 
accurately to within =±: 5 kilocycles. 
Hum modulation or microphonics 
in the local oscillator cannot affect 
the sound signal because any 
change in the sound i-f is accom¬ 
panied by an equal change in the 
picture i-f so that the difference 
frequency is undistuibed by any 
variation of local oscillator fre¬ 
quency. 

Selector-switch tuning is done 
without re-adjustment of the local 
oscillator because of the wide range 
of permissible variation in local 
oscillator frequencies. If the re¬ 
ceiver is provided with a local oscil¬ 
lator tuning adjustment, it can be 
operated by unskilled personnel 
with ease b^use no special effort 
is needed to tune in the sound. In 
actual operation, towards one end 
of the tuning control the picture 
fades due to lack of sufficient pic¬ 
ture carrier while at the other end 


of the control the sound fades due 
to lack of sufficient sound carrier. 

Operation of the television pic¬ 
ture contrast (gain) control does 
not appreciably affect the audio 
signal level because the limiter 
tends to apply a constant level to 
the balanced detector. The picture 
will be considered far too dim for 
use long before the sound fades to 
half strength. 

Any phase or frequency modula¬ 
tion on the picture carrier in this 
system is directly transferred to 
the 4.5-megacycle beat frequency 
and ultimately detected. It is 
therefore important to place a 
limit on the amount of frequency 
modulation permissible on the pic¬ 
ture carrier. Since the peak fre¬ 
quency deviation of the sound 
carrier frequency has been set at 
=t=25 kilocycles, the limit on the 
picture transmitter should be about 
dblOO cps maximum, which corres¬ 
ponds to a modulation of d=0.4 
percent or 48 db below 100-percent 
modulation on the sound transmit¬ 
ter. 

Another transmitter require¬ 
ment is that some picture carrier 
must always be present. This is 
necessary in order to detect the 
sound carrier continuously. The 
present standards read that the 
transmitter shall be capable of 
modulating down to 15 percent of 
peak synchronising level on maxi¬ 
mum white. The standard may be 
modified to read **at least to 16 


percent but not greater than 10 
percent for downward modulation*\ 
This change will provide a 10 per¬ 
cent safety zone perfectly adequate 
for the system's operation. 

It is recommended that the peak 
deviation of the sound transmitter 
be increased to i±:40 kilocycles from 
the present =t:26 kilocycles. This 
will aid in masking any inadvertent 
frequency modulation present on 
the picture carrier. 

The signal-to-noise ratio of the 
system described may be calculated 
in terms of the conventional system 
and will be found to vary depend¬ 
ing upon the average brightness of 
the picture. The equation is 

where Ex is maximum amplitude of 
picture carrier, is amplitude of 
sound carrier and m is modulation 
factor of picture carrier. Thus for 
an all “white” picture, assuming m 
= 0.17, Ex ^ I and E^ = 0.707, 

For an all “black” picture, assum¬ 
ing m = 0.75, then 

And for an average picture m = 
0.49, so 

<« 

Thus, assuming optimum tuning 
of the conventional receiver, on the 
average the signal-to-noise ratio 
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FIG. 5—Symmetrica] picture sidebondtf ot 
unequal ompUtude. produced by ilope of 
receiver bondpose choracteristic. cause 
slight phase modulation, but the resulting 
disturbance is negligible 

will run about 5-db lower than the 
conventional system; but in the 
long run, it actually may run better 
than the conventional system be¬ 
cause drifting of the local oscillator 
may easily throw the conventional 
system well off the balance point on 
the discriminator characteristic, so 
that not only noise but audio dis¬ 
tortion may be produced in consid¬ 
erable amplitude to degrade the 
otherwise excellent performance 
obtainable with precise adjustment. 

Fictura-Carriar Fliasa Modiilation 

Even though the picture carrier 
is cleared of spurious frequency 
modulation at the transmitter, re¬ 
ception with the picture carrier on 
the slope of the receiver i-f re¬ 
sponse characteristic will cause the 
picture carrier to take on a modu¬ 
lation of its phase angle as a result 
of unequal amplitudes of sym¬ 
metrical sidebands. 

In Fig. 6 is shown a carrier wave 
placed half way down the receiver 
slope. An upper and a lower side¬ 


band are shown for a picture-modu¬ 
lation frequency lying in the audi¬ 
ble frequency range. It will be 
noted that due to the slope, the 
upper sideband will have an ampli¬ 
tude m and the lower sideband an 
amplitude n. If the total frequency 
band of the slope be denoted by .s*. 
then it can be shown that the max¬ 
imum possible phase angle modula¬ 
tion of the carrier wave (when the 
minimum picture level is 10 percent 
of the amplitude at synchronizing 
signal peaks) is 

1 

1+0.84 cos 2»oJ 

where a is the picture modulating 
frequency. 

It is evident that as a approaches 
zero, negligible phase angle modu¬ 
lation will occur, but as the fre¬ 
quency increases, the phase angle 
modulation may become significant. 
The worst possible case occurs at 
15,000 cps. If therefore a be as¬ 
signed a value of 15,000 and s a 
value of 1,500,000, the phase angle 
will oscillate between the limits of 
plus 0.032 radians, when 2r.at = 
140 deg, and minus 0.032 radians 
when 2mt = 220 deg. 

On the sound transmitter, the 
equivalent phase modulation of 25- 
kc deviation for 15,000-cps modu¬ 
lation frequency is 26,000/15,000 or 
1.66 radians. Therefore the spur¬ 
ious signal will be 0.032/1.66 = 
0.0193 of maximum audio output. 
But since 75 microsecond deem¬ 
phasis is used, this spurious 15,- 
000 output is multiplied by a factor 


Table I—Noise Introduced by 
Receiver 


1 Picture 
Modu¬ 
lating 
Fro- . 
qiieiicy 
in cp.s 

Spurious Responses 
lielow 100 f>enrnt 
Modulation in db 

2.Vkc 
Devil) lion 

lO-kc 

Deviation 

1,500 

70 

80 

2,500 

69 

75 

.5,000 

61 

65 

10,000 

55 

59 

15.000 

51 

55 


of 0.147, and hence the resultant 
audible level is 0.0193 x 0.147 = 
0.00275, which is 51 db below 100- 
percent modulation. If the sound 
transmitter deviation is increased 
from 25 kc to 40 kc, an additional 
4-db reduction would be obtained, 
or the 51-db figure would become 
55 db. In a similar manner, phase 
modulations at other frequencies 
may be calculated and are summar¬ 
ized in Table I. Since these levels 
are far below the usual residual 
hum and noise levels of even a good 
receiver audio amplifier system, it 
may be concluded that spurious re¬ 
sponses due to incidental phase 
modulation are quite negligible. 
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Timing Action of the Blocking Oscillator 

. i, EMAIIIEL UtT 


Timing and tbiggeb circuits are be- 
comins increasingiy important with 
each new application of electronic 
circuits in industry, television, and 
allied radio fields. All types of mul¬ 
tivibrators, start-stop circuits, and 
relaxation oscillators have made 
their appeiurance as timing devices. 
One of the lesser known but very 


useful timing methods is the block¬ 
ing oscillator. 

A typical blocking oscillator cir¬ 
cuit is shown in Fig. 1. The trans¬ 
former shown has a one-to-one 
turns ratio. Since there is no ex¬ 
ternal or fixed biasing arrangement 
in this circuit, the tube will conduct 
with the closing of Um switdi. 


When Uie tube current begine to 
buQd up through the plate coil of 
the traneformer, there will be a 
back emf acroes the coil, of p<darity 
as shown in Fig. 1, whid results in 
a dnqpping of {date vdtage. 

The changing primary current 
will induce a voltage into the sec¬ 
ondary or grid coil of opposite po> 
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FIG. 1—Circuit of typical blocking ot- 
cillotor ond polaritiot oitoblishod whon 
■witch ii first closod 


larity to the voltage in the plate coil. 
This induced voltage will cause an 
electron flow in the grid circuit 
producing a voltage across resistor 
R of such polarity as to make the 
grid positive with respect to the 
cathode. At the same time, this 
grid current will be charging capac¬ 
itor C through resistor R until the 
grid goes positive, when the charg¬ 
ing current will flow mainly through 
the tube from cathode to grid. This 
charging path being through the 
cathode-to-grid resistance, which is 
relatively small, the capacitor will 
tend to charge quickly to the volt¬ 
age induced into the grid coil. 

The grid of the tube having been 
driven in a positive direction, the 
tube will draw more plate current. 
The increased plate current will 
produce a further drop in plate 
voltage and a greater induced volt¬ 
age into the grid circuit, tending to 
drive the grid further positive. If 
this action continues we soon arrive 
at a point where the increase in 
grid voltage will not result in an 
increase in plate current as great 
as previously. Since the rate of 
change of plate current thus de¬ 
creases, the voltage induced into the 
grid coil decreases. 

Effect on Copocifor 

The voltage across capacitor C 
has been closely following the volt¬ 
age induced into the grid circuit. 
Therefore, a reduction in the in¬ 
duced voltage due to the reduced 
rate of increase of plate current 
wUl result in the voltage across the 
capacitor being slightly larger than 
the induced voltage. The resultant 
reversal of current flow in the grid 


circuit gives us a slight negative 
voltage on the grid (voltage across 
the capacitor less the induced volt¬ 
age as shown in Fig. 2A). 

Condition for Cutoff 

The grid voltage going slightly 
negative would tend to make the 
tube draw less current. Since there 
is a coil in the plate circuit, the coil 
will build up a counter emf to op¬ 
pose this change in current. The 
grid coil will have a voltage induced 
into it 180 degrees out of phase 
with the plate-coil voltage. Now 
the voltage across the capacitor and 
the induced voltage are additive, 
causing a current flow that gives a 
large voltage across resistor R. (See 
Fig. 2B.) This voltage makes the 
grid negative with respect to the 
cathode by a more than sufficient 
amount to cut off the tube. 



FIG. 2—Changes In polarities that lead 
to cutoff of plate current 


The cutting off of plate current 
will cause the plate voltage to rise 
to B -h and then rise above this 
value due to the back emf of the 
plate coil resulting in a slight oscil¬ 
lation whose extent will depend on 
circuit constants. 

The induced voltage in the grid 
circuit will be negligible after the 
fast positive rise in plate voltage. 
The voltage on the grid will now be 
due only to the capacitor C dis¬ 
charging through resistor R. This 
discharge will give an exponential 
decay of grid voltage continuing to 
fall till the grid voltage reaches the 
cutoff potential of the tube. As soon 
as the grid voltage rises above cut¬ 
off, the tube will conduct and thus 
the cycle will repeat itself. Figure 
8 shows the plate voltage Ef, the 
grid voltage En, and the voltage 


across the capacitor Ec for a period 
of three cycles. 

The output of this circuit is 
usually the platevoltage variation. 
The negative pips or pulses occur 
each time the tube operates. Thus 
the frequency of the pulse repeti¬ 
tion depends on the amount of time 
the tube is cut off or the time of dis¬ 
charge of the capacitor in the grid 
circuit from its charged voltage to 
the cut-off voltage. This time will 
depend on three items; first, the 
voltage to which the capacitor is 
charged; second, the cut-off value 
of the tube; and third, the RC of 
the discharge circuit. The first two 
items will be determined by the 
applied voltage, the tube, and the 
transformer. Once these factors 
have been determined, the RC will 
be the main frequency controlling 
factor. Thus by varying the resis¬ 
tor and capacitor, we can consider¬ 
ably vary the frequency of the out¬ 
put pulses. 

Shope of Pulse 

In addition to controlling the 
frequency of the output voltage, we 
may also be interested in the output 
waveshape. The output waveshape 
can be considered under two as¬ 
pects ; first, the sharpness and time 
duration of the negative pulses; 
and second, the oscillation follow¬ 
ing the negative pulse. 

The sharpness and time duration 



FIG. 3—^Vollogos produood ot llio plorto. 
grid* and ocq^ocHor by Ibo blocking 
oclion 
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of the pulses will depend largely on 
the transformer used. For a sharp, 
short-duration pulse, we must have 
a transformer that will pass this 
pulse. This involves the trans¬ 
former’s ability to pass some fairly 
high frequencies of which the pulse 
is composed. With an iron-core 
transformer, this is practically im¬ 
possible due to eddy current and 
hysteresis losses at high frequen¬ 
cies. However, with the advent of 
powdered permalloy cores, the fre¬ 
quency range of these transformers 
has been considerably increased. 
With this type of transformer, 
short-duration pulses can be ob¬ 
tained. 

Our second waveshape problem, 
that of oscillation, can be counter¬ 
acted in a few ways. One possible 
way is to load down the plate coil 
with a shunt resistor which will 
tend to reduce oscillation. An ex¬ 
ample of this effect is shown in 
Fig. 4A. 

Another method of reducing the 
oscillation in the output signal is to 
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plott oomporod wMi ovipitt from olh*r 
points la dievlt 


place a load resistor between the 
plate coil of the transformer and 
B+. The output is then taken off 
at the point between the plate coil 
and the load resistor. This results 
in eliminating most of the oscilla¬ 
tion in the output. The value of the 
load resistor must be large enough 
to produce a sufficiently large pulse 
voltage across it, yet it must not 
be so large as to excessively limit 
tube current. Figure 4B shows the 
output with the plate load resistor 
in the circuit. 

A third possible method can be 
used where a low-impedance output 
is acceptable and where too large a 
voltage is not required. This method 
is to insert an unbypassed cathode 
resistor and take the output across 
the cathode resistor. Using this 
method we obtain positive pulses 
which have no oscillating compo¬ 
nent. (See Fig. 4C.) A fourth pos¬ 
sibility would be to take the original 
output and feed it into a limiter cir¬ 
cuit that would respond only to the 
negative pulse. 


Design Factors for Intercarrier Television 

Sound 


Large scale production of television receivers employing intercarrier sound has focussed 
attention on the advantages and disadvantages of the system. This review emphasizes 
problems facing transmitter and receiver designers 


T he intercarrier system of tele¬ 
vision sound reception, as 
previously described in these 
pages’, amplifier the picture and 
sound signals together in the pic¬ 
ture i-f amplifier. At the output of 
the picture second detector a beat 
note between the two signals ap¬ 
pears. This beat is in effect a 
4.5-mc intermediate frequency, fre¬ 
quency-modulated in accordance 
with the sound signal and ampli¬ 
tude-modulated (to some extent) in 
accordance with the picture signal. 


By STUART W. SEELEY 

This interearrier beat is passed 
through a frequency-modulation 
detector which is not sensitive to 
amplitude modulation. The sound 
modulation is thus separated from 
the picture and may be amplified 
and applied to the loudspeaker, as 
shown in Fig. 1. 

When this system was first pro¬ 
posed the principal advantage ap* 
peered to be economy. The picture 
i-f amplifiers and video amplifiers 
do double duty in amplifying the 
sound signal, so a separate sound 


i-f amplifier is not necessary. 
Thereafter it became clear that the 
economic argument is by no means 
the most important one. There are 
many pros and cons rooted in the 
technical performance of the sys¬ 
tem which outweigh the cost factor. 

The principal technical advan¬ 
tage of the intercarrier system is 
the fact that it is immune to the 
idiosyncrasies of the local oscillator 
of the receiver. Frequency modu¬ 
lation of the local oscillator due to 
hum and microphonics, as well as 
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FIG. 1—Typicol IntercorrUr receiver. Tha i-f« aidao detactor and vldao ampUilart do 
doubla duty* handling pictura and lound lignali limultanaously 


frequency drift, affect both sound 
and picture i-f signals substantially 
identically, so the 4.5-mc difference 
frequency remains unaffected. In 
a conventional receiver (using a 
separate i-f amplifier for sound, as 
shown in Fig. 2) these defects of 
the local oscillator produce an aver¬ 
age effect four times as bad at the 
highest television channel (216 me) 
as in the f-m band (108 me) at full 
modulation. With television sys- 
ten deviation (one third f-m sound 
broadcast deviation) the effect is 
emphasized by an additional factor 
of three. 

Secondly, the tuning of an inter¬ 
carrier receiver is considerably 
simplified by the fact that the 
sound is always correctly tuned in 
when switching from one station to 
another. Fine tuning of the local 
oscijllator is not necessary to tune 
in the sound. Moreover, the inter¬ 
carrier system is somewhat freer 
from the effects of interference. 

Technical advantages related to 
economy of design include not only 
the dual use of the i-f and video 
amplifiers but also the fact that the 
local oscillator design can be some¬ 
what less expensive. In fact, hum 
frequency modulation and drift 
may have values several times 
those allowable in a conventional 
receiver. In inexpensive receivers, 
the i-f passband may be made sym¬ 
metrical, and this will allow the 
local oscillator to operate on the 
high side for the lower channels, 
and on the low side for the upper 
channels. 


The primary di.sadvantage of the 
intercarrier system is the fact that 
the 4.6-mc beat signal depends on 
the presence and character of the 
picture carrier. Any unusual effect 
present in the picture carrier can 
have a corrollary effect on the 
sound output and this possibility 
exists whether the effect arises in 
the transmitter or the receiver, or 
is caused by interference from 
other sources. 

One of the most important ex¬ 
amples occurs whenever the picture 
modulation is so heavy that the pic¬ 
ture carrier disappears completely 
during the transmission of a peak 
white portion of the picture. When 
the picture carrier is thus modu¬ 
lated to zero, the 4.5-mc beat note 
disappears for that instant and no 
sound signal is received. This 
causes severe interference m the 
sound signal, in the form of a 60- 
cycle buzz or 15,760-cycle hiss, 


since the loss of sound signal is re¬ 
peated at the field and line-scan¬ 
ning rates. This possibility requires 
that the percentage modulation at 
the transmitter be monitored care¬ 
fully, so that the minimum picture 
modulation shall not fall below ap¬ 
proximately 10 percent of the peak 
value. There is at present no regu¬ 
lation requiring such monitoring. 
Before the intercarrier system can 
be employed with assurance of 
high-quality transmission at all 
times, such a regulation will be 
required. 

A second effect, of nearly equal 
importance, is that caused by any 
phase or frequency modulation of 
the picture carrier. This carrier is 
nominally modulated in amplitude 
only, but actually may be modu¬ 
lated in phase or frequency to a 
slight degree. Such variations in 
picture phase or frequency are im¬ 
posed on the 4.5-mc beat note and 
cannot be separated from the fre¬ 
quency modulation of the sound 
signal. The result is, again, a 60- 
cycle or 16,750-cycle note of magni¬ 
tude depending on the extent to 
which the picture carrier is phase 
or frequency modulated. It should 
be noted that the frequency-modu¬ 
lation detector which converts the 
4.5-mc beat signal to audio is in 
effect a phase detector, for all fre¬ 
quencies above about 2.5 kc, when 
75 iJLsec de-emphasis is used. 

There are many possible causes 
of phase or frequency modulation 
of the transmitted picture carrier. 
One is variation in the transit time 
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(which produces a change in phase 
angle of the carrier) in any modu¬ 
lated stage of the transmitter. How¬ 
ever, this is of negligible magni¬ 
tude compared with the effects of 
unsymmetrical tuning or incom¬ 
plete neutralization. In a 6-kw 
transmitter, even one-half watt of 
constant fed-through power can 
produce as much as a 6-degree 
total phase shift when the modula¬ 
tion level is at 10 percent of peak 
carrier. This amount of feed¬ 
through can occur even in a prop¬ 
erly neutralized stage, and the 
effect can be identified in the out¬ 
put of an intercarrier sound re¬ 
ceiver. For example, 4 degrees 
peak shift at 15 kc will produce 
interference only 28 db below aver¬ 
age (30 percent) modulation with¬ 
out deemphasis. 

Deemphasis improves the situa¬ 
tion and the effect is less prominent 
at lower audio frequencies. But, 
even with deemphasis, over the 
range of audio frequencies from 
3,750 to 15,000 cps, a 4-degree phase 
shift will produce interference 
from 48 to 45 db below average 
modulation. This would not be con¬ 
sidered sufficient for a high-quality 
sound system. But recent tests have 
shown that much more than 4 de¬ 
grees of phase shift can be present 
without adverse effects on sound 
quality. At least two additional 
factors tend to lessen the interfer¬ 
ence: 

1 Since the transmitter’s resi¬ 
dual frequency modulation is 
caused by a phase-variation process 
the corresponding frequency modu¬ 
lation decreases 6 db per octave as 
the audible frequency of the video 
modulation causing the phase vari¬ 
ation is decreased. Other types of 
interference (which the FCC speci¬ 
fies must be below a -60 db level in 
a high-quality ^ural broadcasting 
system) have more uniform distri¬ 
bution in the audible spectrum. 

2 The second point concerns the 
distribution of audible energy in a 
composite video signal. If we ex¬ 
amine the amplitude-modulation 
components between zero and 20,- 
000 cycles derived from a picture- 
modulated transmitter we find one 
very strong component at the 60- 


cycle field frequency and another at 
the 15,750-cycle line frequency. 
What occurs in between depends 
partly upon the number, po.sition 
and intensity of any horizontal 
lines in the picture. However, har¬ 
monica of 60 cycles up to a rather 
high order, but with rapidly de¬ 
creasing level with frequency, are 
caused by the sejuare-wave nature 
of the vertical synchronizing and 
blanking portions of the signal. 

Obviously 60 cycles is too low to 
convert phase modulation to fre- 
(luency modulation in any import¬ 
ant degree, being 48 db below the 
15,000-cycle conversion. Also, 15,- 
750 cycles is outsule the audible 
range and can be removed in the 
receiver if necessary. Therefore, 
it is apparent that we need only be 
concerned with audible video com¬ 
ponents lying considerably above 
the field frequency and below the 
line frequency. Observation has in¬ 
dicated that this entire range sel¬ 
dom, if ever, contains components 
stronger than those which occur at 
the start and finish of a vertical 
blanking pedestal transmitted with 
a white background picture. The 
latter cause spikes of frequency 
modulation which plainly delineate 
the vertical-blanking time when 
viewed on an oscilloscope. 

The energy in those spikes from 
a transmitter having more than 20 
degrees of total phase variation is 
still next to inaudible in a wide- 


range sound system even though 
the spikes are frequently as much 
as 15 db above the meter reading 
of the average incidental audible 
frequency modulation. Experience 
thus far has indicated that satis¬ 
factory performance, at least in 
receivers which do not offer the full 
range of audio fidelity, can be ob¬ 
tained without difficulty on all 
presently operating stations pro¬ 
vided they do not overmodulate the 
picture carrier. 

Another difficulty with the inter¬ 
carrier system is the fact that any 
drift of the frequency-modulation 
detector from the 4.5-mc center 
frequency will introduce distortion, 
and there is no way to correct this 
condition except by adjustment of 
the detector itself. Similar distor¬ 
tion in a conventional receiver can 
be corrected by adjustment of the 
fine tuning control. 

A final difficulty is that which 
occurs if the sound carrier, as 
presented to the second detector, 
exceeds a certain level relative to 
the picture carrier. If this occurs, 
severe distortion of the sound out¬ 
put and picture quality may occur, 
including possible reversal of the 
image tones (“negative” in the 
photographic sense). This effect 
may be controlled by care in the de¬ 
sign of the i-f pass-band curve, as 
described below. 

The first question in the design 
of an intercarrier receiver is the 
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FIG. 4—Amplitude modulation of 4.5>mc 
beat note as a function of picture modu> 
latiom for various amplitudes of sound 
signal relative to picture signal 


method of setting the relative level 
of the sound and picture carriers at 
the input to the second (video) de¬ 
tector. In the conventional re¬ 
ceiver the i)ass-bands of the i-f sys¬ 
tems are as shown in Fig. 3. The 
picture i-f amplifier has substan¬ 
tially no sensitivity (on the average 
45-db attenuation) at the associ¬ 
ated sound channel frequency. 

In the intercarrier system, the 
sound-carrier pass band is dis¬ 
pensed with and the picture i-f pass 
band is extended slightly to in¬ 
crease slightly the gain at the 
sound carrier. This is shown in 
Fig. 3 as a dashed-line extension 
of the picture pass-band curve. 
The percentage response of this 
extended curve at the sound-carrier 
frequency is indicated by the 
dimension A. This dimension 
should never be greater than 10 
percent of the carrier level (di¬ 
mension B) in linear units. This 
is on the assumption that the sound 
and picture carriers are of equal 
strength as received from the trans¬ 
mitter. But variations in relative 
signal strength of as much as 10 
db, arising from differential atten¬ 
uation and wave interference 
effects dependent on the receiver 
location, are apt to occur so a more 
conservative figure for dimension 
>1 is 3 percent of B. 

One basis for the 10 percent 
maximum figure may be seen from 
Fig. 4, which shows the relative 
output of a linear detector when 
f-m sound and a-m picture are 
fed to it simultaneously. So long 
as the rms level of the sound signal 
is 5 percent or less of the maximum 


rms picture signal, as in the lowest 
curve, the 4.5-mc beat note ampli¬ 
tude remains substantially constant 
as the level of the picture carrier 
(abscissas) varies under modula¬ 
tion fn»m 15 to 100 percent of the 
peak value. 

If the sound level is 10 percent of 
the maximum pictiire level as in the 
middle curve, the outi)ut remains 
flat from 25 to 100 percent modula¬ 
tion. At higher relative sound 
levels (top curve) the output would 
contain substantial amplitude mod¬ 
ulation in accordance with the pic¬ 
ture modulation. Also the picture 
(piality would be badly degraded as 
previously stated. 

Much of the residual amplitude 
modulation may be I’emoved by the 
use of a limiter or by the use of a 
balanced discriminator or ratio de¬ 
tector. However, if the residual 
amplitude variation is too sevtuv an 
excessive burden is placed on the 
f-m detector. This is the basis of the 
previous statement that the ampli¬ 
tude modulation level of the picture 
transmitter should not normally be 
allowed to fall below 10 percent of 
the peak .synchronizing level. 

The attenuation of the sound sig¬ 
nal, to 3 percent or less of the pic¬ 
ture carrier, implies a correspond¬ 
ing increase in amplification (rela¬ 
tive to that provided in a separate 
sound i-f amplifier) to bring the 
sound signal up to the level re- 


(piii-ed for detection and audio 
amplification. A portion of this 
(*xtra amplification is provided by 
the passage of the sound signal 
through the video amplifiers. 
Normal peak video level at this 
l>oint is about 30 volts, so the sound 
level usually does not exceed one 
volt. Conservative design suggests 
that this level be increased before 
the sound signal is applied to the 
f-m detector. 

An auxiliary amplifier for this 
purpose also serves an important 
function in keeping the volume 
level substantially constant as the 
picture gain control is varied. Such 
constancy of gain is also useful in 
overcoming the tendency of the 
sound level to increase as the pic¬ 
ture is detuned. Otherwise, if fine 
tuning is provided, the lay user 
might try to tune for loudest sound, 
which would produce a poor 
picture. 

("are should be taken to avoid 
overload in any stage which could 
remove the picture signal (and its 
concomitant 4.5-mc sound i-f sig¬ 
nal) even momentarily. The diode 
second (video) detector should be 
as linear as possible, and the ratio 
of a-c impedance to d-c resistance 
of the second detector load should 
be as near unity as possible. Finally 
the tuned circuits in the f-m de¬ 
tector should be designed to main¬ 
tain proper adjustment since drift 



FIG. S'—Typlcal Inlercarrier sound circuit using a limiting ampliiior and ratio doloctor 
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in these components cannot be cor¬ 
rected by the user. If these pre¬ 
cautions are followed, and if the 
restrictions on transmitter opera¬ 
tion previously mentioned are ob¬ 
served, the intercarrier system can 
Rive excellent performance. 

A typical example following 
closely the design criteria men¬ 
tioned is shown in Fig. 5. The 
4.5-mc beat note is taken directly 
from the last video amplifier plate. 
The series resonant impedance at 


this point removes any remaining 
4.5-mc beat from the picture tube 
grid. The first tube (6BA6) serves 
as a volume-leveling amplifier, or 
limiter. It is so designed that the 
tube operates under plate voltage 
overload when a small signal is ap¬ 
plied to its grid. Hence the output 
does not change when substantially 
stronger signals are applied. The 
output of this amplifier is passed to 
a conventional ratio detector which 
develops the audio output. The 


output is about 2.6 volts rms for 
26-kc deviation, so a voltage ampli¬ 
fier must precede the audio output 
stage. In this example, this is pro¬ 
vided by a triode in the same 
envelope with the double diodes, in 
a 7X7 tube. 

Reference 


(1) R. B. Dome, Carrier Difference Re- 
ception of Television Sound, p 102, Eijec- 
TRONiCH .Tan. 1947. 


Stagger-Tuned Amplifier Design 

Practical wideband amplifier considerations, limits to overall bandwidth of cascaded stages, 
and transient response characteristics of stagger-tuned circuits are prevented. Curves and 
tables give design criteria. Comparisons are made to other coupling circuits 


T his paper presents principles 
of operation and practical de¬ 
sign of stagger-tuning schemes, 
presents curves of step response of 
certain of these circuits, and dis¬ 
cusses practical considerations^* *. 

Singls-Tuntd Clrcvif 

The simplest i-f Interstage net¬ 
work is a single-tuned circuit the 
usual connection of which is shown 
in Pig. lA, and the equivalent form 
in Fig. IB. The effective load re¬ 
sistance R is the parallel combina¬ 
tion of the plate resistor Rt., the 
plate resistance of the first tube, 
the input resistance of the second 
tube, and the equivalent parallel 
loss resistance of the inductance L. 
The capacitance C is the sum of the 
output capacitange of the first tube, 
the apparent input capacitance of 
the second tube, the self capaci¬ 
tance of L, and the wiring capaci¬ 
tance. With careful wiring and a 
fixed tuned inductor about the size 
of a one-watt resistor, the value of 
C between two 6AG5 tubes is about 
12 pf (picofarad is a micromicro¬ 
farad). 

The bandwidth of the single 


By HENRY WALLMAN 

tuned circuit is l/(2i;RC) and is 
independent of center frequency. 
The voltage amplification at band 
center is OmR where is the tube 
transconductance. The amplifica¬ 
tion-bandwidth product (figure of 
merit), denoted by AB, is g»/ (2icC) * 
For a rz 4,500 micromhos and 
C = 12 pf, as with conservatively 
rated 6AG5 tubes, AB is 60. An 
amplification of 6 with a bandwidth 
of 10 me, or an amplification of 15 
with a bandwidth of 4 me is thus 
attainable in this case. Because the 
AB product depends only on the 
tube, being independent of center 
frequency, it is no easier to build a 
single-tuned amplifier covering the 
band from 28 to SO me (B = 2 me) 
than one from 8 to 10 me (B = 2 
me) with a given tube (except for 
the effect of smaller inductor size 
on interstage capacitance). 

Syndironoiis Sinele Tvnine 

The simplest wideband i-f ampli¬ 
fier employs cascaded single-tuned 
stages all of the same bandwidth 
and resonant frequency. This ayn- 
chronous tuning method is simple, 
noncritical, and has excellent tran¬ 
sient jesponse. 



FIG. 1 (A) SinglD-tuned w t dsbond ompll* 
flsr eoupUng. and (B) Its sqnhralsnt drenlt 


The disadvantage of the syn¬ 
chronous single-tuned amplifier is 
its low efficiency, resulting from the 
rapidity with which overall band¬ 
width shrinks as stages are cas¬ 
caded. For example, for an overall 
amplification of 10,000, a synchron¬ 
ous single-tuned amplifier employ¬ 
ing a tube that gives an AB ss M 
has a maximum overall bandwidth 
of 7.1 me, and requires 18 stages; 
the use of more stages yields an 
even smaller bandwidth. 
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Table I—^Flat Staggered Combinations 


Bandoenter /o. overall bandwidth » B, and B//t < 0.3 


Numbeb op CnicuiTB Component Single Tuned Circuits 

Center frequency Bandwidth 


Staggered pair (2) 

fi -/. + 0.35B 
-0.35B 

0.7UB/m 

0.71(B/ft)/t 

Staggered triple (3) 

fo 

fi -/o-f 0.43B 
/* -/0-0.43B 

olWili 

Staggered quadruple (4) 

/i - /. + 0.46B 
/, -/,-0.46B 
/. -/. + 0.92B 
/. -/,-0.92B 

OMWftSjt 

0.19(B/W/, 

0.19(B/Ji)/4 

Staggered quintuple (5) 

/. 

/, + 0.29B 

ft -/0-0.29B 
/. -/. + 0.48B 
/. -ft-0MB 

B 

0.81(B//,)/, 

0M(B//,}ft 

SilW 


Overall bandwidth for N syn¬ 
chronous single-tuned stages is to 
a very good approximation 

bandwidth of single-tuned stage 

TSllviTS) 

To illustrate this relation, consider 
a cascade of 5 synchronous 6AG5 
single-tuned stages, each of 10-mc 
bandwidth. If AB is taken to be 60 
and the amplification per stage to 
be 6 (giving a bandwidth per stage 
of 10 me), the overall amplification 
is 7,800, but, from the above ex¬ 
pression the overall bandwidth is 
only 8.6 me. 

This shrinkage of bandwidth can 
be avoided while preserving the 
simplicity and low cost of single- 
tuned coupling by stagger tuning. 
For an overall bandwidth B, it is 
possible to stagger tune N single- 
tuned stages so as to achieve a 
center - frequency stage - amplifica¬ 
tion of A with AB still equal to 
g^/(2iiC). Note that here B is the 
overaM bandwidth and A the gain 
per stage. 

The stagger-tuned passband for 
which AB = p«,/(2wC) has a selec¬ 
tivity characteristic 1/(1 -f 
where a; is a variable proportional 
to the deviation of the frequency 
from resonance. 

Sfogneiwd Pairs ond Triples 

As N increases, the curves 
become squarer and fiatter. Stag- 
«rer-tuned couplings of this sort 
where AT = 2, 8, 4, ... , are called 
staggered pairs, triples, quad¬ 
ruples, etc. 

In almost all cases, a passband 
with small dips is substantially su¬ 
perior for either optimum selectiv¬ 
ity or optimum AB to a maximally 
flat passband, while for small over¬ 
shoot, a more rounded curve is pre¬ 
ferable. The only advantage of the 
maximally flat curve, apart from 
its mathematical simplicity, is its 
easily recognised shape when align¬ 
ing amplifiers with a swepMre- 
quency generator. 

Table I shows the center fre¬ 
quencies and bandwidths to which 
individual coupling circuits should 


be designed to obtain fiat-staggered 
amplifiers of overall bandwidth B 
at center frequency U The data 
are presented in terms of the frac¬ 
tional bandwidth B/U The values 
shown are valid only when B//o is 
small, less than 0.8* for practical 
purposes. The exact case, which 
holds even for B/fo greater than 
unity, is fully considered else- 
where.^** 

An example will make the use of 
Table I clear. Suppose a flat-stag¬ 
gered quintuple consisting of an 
input circuit and four interstage 
circuits is desired at /« = 30 me 
with an overall bandwidth B = 10 
me. Then B/fo = 0.8, and the 
quintuple consists of four tubes and 
five single-tuned circuits that sat¬ 
isfy the following conditions: 

(1) the first should have a band-• 
width of 19 me at 80.0 me, and 

(2) the second, a bandwidth 
0.81x0.8x32.9=8.0 me at 32.9 me 
(8) the third, a bandwidth 
0.81x0.8x27.1 = 6.6 me at 27.1 me 
(4) the fourth, a bandwidth 
0.81x0.8x34.8 = 8.2 me at 84.8 me 
(6) and the fifth, a bandwidth 
0.81x0.8x25.2 = 2.8 me at 25.2 me 
If each tube has an AB of 60, the 
amplification per stage is 6 and the 
overall amplification is 6* = 1,296. 

A flat-staggered pair has the 
same selectivity curve as that 
obtained with a critically counled 


double-tuned circuit. For such 
circuits, the overall bandwidth 
shrinks less rapidly as stages are 
cascaded than for synchronous 
single-tuned circuits. The overaU 
bandwidth for M fiat pairs is 

bandwidth of single flat pair 

1.1 (M^^) 

To illustrate this relation, consider 
a 6-circuit amplifier consisting of 8 
flat-staggered pairs (ilf = 8). For 
an overall bandwidth of 10 me, each 
pair must have a bandwidth of 
10 X 1.1(8^'0 = 14.6 me. If AB 
is 60, the stage amplification is 
therefore 4.1. 

A fiat-staggered pair, a flat 
double-tuned circuit, and a flat in¬ 
verse-feedback pair have the same 
transient response, because they 
are of the minimum phase shift 
type and have the same amplifica- 
tion-vs-frequency curves. 

A flat-staggered triple has the 
curve of a flatly coupled triple- 
tuned circuit. For such circuite, 
the overall bandwidth for M flat 
triples is 

baodeidth of dni^flat triplt 

1.06 (j^r 

To iUustrate this expression, con¬ 
sider a 6-stage amplifier consisting 
of 2 flat-staggered triples (AT = 2). 
For an overall bandwidth of 10 me, 
each triple must have a bandwidth 
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Table II—^Bandwidth vs Ampliiicatton 


Tube type ussiiiniod to have g„/(2rC) — 60; listed amplifications do not include 
effect of input network 


Over¬ 

shoot 

(see 

text) in 
percent 

Bandwidth in 
me for Gain 
of 

10> 10^ 

Gain for Bandwidth of 

2.5 me 4 me 10 me 

0 

0.9 

0.3 

150 

58 

9 

8.2 

1.9 

0.6 

580 

225 

36 

10.2 

2.2 

0.7 

800 

310 

50 

7.7 

1.9 

0.6 

580 

225 

36 

7.7 

2.7 

0.8 

1,200 

450 

72 

0 

2.6 

1.2 

1,100 

290 

19 

6.2 

4.8 

2.2 

7,000 

1,700 

110 

10.9 

6.0 

2.8 

14,000 

3.400 

220 

8.4 

5.6 

2.6 

11,000 

2,800 

180 

8.4 

7.9 

3.7 

32,000 

7,800 

510 

0 

4.2 

1.9 

7,700 

1,200 

30 

10 

8.9 

5 

16 X 10< 

25,000 

630 

12.8 

10.7 

6 

33 X 10^ 

50,000 

1,300 

9.2 

9.4 

5.3 

20 X W 

30,000 

770 

9.2 

13.2 

7.4 

79 X 10* 

12 X 10* 

3,100 

0 

5.3 

3.3 

42,000 

4,000 

41 

7.7 

10.7 

6.8 

14X10* 14 X 10« 

1,400 

11.2 

13.0 

8.2 

37 X 10* 

36 X 10* 

3,600 

14..'> 

16.1 

10.2 

n X 10* 

11 X 10* 11,000 

10 

12.6 

8.0 

32 X 10* 31 X 10* 

3,200 

10 

17.8 

11.2 

18X10* 17 X 10* 18,000 


Number of Amplifier States 


Input plus 2 interstages 

3 synchronous single tuned 

flat staggered triple. 

over staggered triple with 1 

percent dips. 

3 flat double tuned with 
equal Q loading. 

3 flat double tuned with one 

sided loading. 

Input plus 3 interstages 

4 synchronous single tuned. 

2 flat staggered pairs. 

flat staggered quadruple. . . 
4 flat double tuned with 

equal Q loading. 

4 flat double tuned with one 

sided loading. 

Input plus 4 interstages 

5 synchronous single tuned 
flat staggered pair plus flat 

staggered triple. 

flat staggered quintuple.... 
5 flat double tuned with 
equal Q loading..... 

5 flat double tuned with one 

sided loading. 

Input plus 5 interstages 

6 synchronous single tuned 

3 flat staggered pairs. 

2 flat staggered triples.... 

2 over staggered triples with 

2 percent overall dips.... 
6 flat double tuned with{ 

equal Q loading.. 

6 flat double tuned with one] 
sided loading. 


of 10 X 1.06 (2*^*) = 11,9 me. For 
=r 60 the amplification per stage 
is therefore 6.1. 

Overstaggered Circuits 

Appreciable increases in AB re¬ 
sult from overstaggering the stages 
to yield pass bands with slight dips. 
For example, if a 6-stage amplifier 
consisting of 2 triples is over stag¬ 
gered so as to have 2 percent dips 
in the overall passband of the com¬ 
posite amplifier, there results an 
increase of fully 25 percent in ampli¬ 
fication per stage over the flat-stag¬ 
gered triple amplifier of the same 
overall bandwidth; however, the 
transient response is degraded." 
Table II summarizes the character¬ 
istics of various coupling combina¬ 
tions, showing, for 5 interstage net¬ 
works, the effect of overstaggering. 
(For values of AB other than 60, 
for which the table is computed, 
the bandwidths should be multi¬ 
plied by the ratio of actual AB to 
60. Similarly, the overall ampli¬ 
fications for given bandwidth 
should be multiplied by the Nth 
power of this ratio, where N is the 
number of amplifier stages.) 

Many variations of overstagger¬ 
ing are possible, but a simple ap¬ 
proximate procedure for converting 
a stagger-tuned amplifier of given 
bandwidth that has a fiat passband 
into one having the same band¬ 
width but with small dips is to 
narrow the individual stage band- 
widths all in the same ratio, leaving 
the individual resonant frequencies 
unchanged. Considerable narrow¬ 
ing is necessary to produce any 
effect; thus, in a fiat-staggered 
triple, the individual stage band- 
widths have to be reduced 30 per¬ 
cent to produce 1-percent dips. 

Practical C^tidcrations 

For a given overall bandwidth, a 
staggered sextuple has somewhat 
greater amplification than two 
staggered triples. However, as a 
practical matter, the combination 
of two staggered triples is probably 
preferable because of the smaller 
overshoot and less critical reaction 
to misalignment, unless the frac¬ 
tional bandwidth is close to unity. 


For such reasons, most stagger- 
tuned amplifiers employ pairs or 
triples, although sometimes quin¬ 
tuples are used. 

For reasons of noise figure, it is 
desirable to have a centered input 
circuit, and overload considerations 
suggest a centered circuit driving 
the detector, if possible; otherwise 
the order of staggering is unim¬ 
portant. Gain control can be ap¬ 
plied to any stage or combination 
of stages in the staggered ampli¬ 
fier. Except for detuning resulting 
from changes in input capacitance 
with variation of grid bias, which 
was never serious in Radiation 
Laboratory experience, there is no 


reason for applying gain control to 
pairs. 

The plate resistor Ri in a stag¬ 
ger-tuned stage should have what¬ 
ever value yields the design band¬ 
width for that stage. Usually Rl 
is somewhat greater than the effec¬ 
tive damping resistance R, but it 
can be less if the input resistance 
of the following tube is negative. 
Because of grid-plate capacitance, 
a tube having a resonant plate cir¬ 
cuit has a negative input resistance 
at frequencies somewhat below 
resonance of its plate circuit. This 
condition occurs for the tube be¬ 
tween the low- and high-frequency 
circuits of a staggered pair.* 
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Where the fractional bandwidth 
is too large for Table 1, exact form¬ 
ulas must be used.^ 

For very low frequencies such 
as those at the lower end of 
the audible spectrum, stagger- 
tuned amplifiers using stages em¬ 
ploying selective R-C degeneration 
with twin-T networks, which have 
selectivity curves approximating 
those of single-tuned L-C networks, 
can be designed to give sharp cut¬ 
off without using heavy iron-cored 
inductors." 

Another means for obtaining 
high-gain wideband amplifiers is to 
use single-tuned circuits with re¬ 
sistive feedback,’ the AB perform¬ 
ance being equivalent to that of 
stagger tuning, except that the in¬ 
verse feedback produces a slight re¬ 
duction in effective transconduc¬ 
tance, generally negligible unless 
the bandwidth exceeds about 0.3^/™/ 

(27:C). 

Compariion of Merhodt 

Table II shows that (1) synchro¬ 
nous single-tuned circuits are ex¬ 
tremely inefficient, (2) flat-stag¬ 
gered pairs are slightly less and 
flat-staggered triples slightly more 
efficient than flat double-tuned cir¬ 
cuits loaded to have equal primary 
and secondary Q, and (3) flat-stag¬ 
gered combinations are less efficient 


than flat double-tuned circuits 
loaded on one side only. 

Inverse feedback and stagger- 
tuned amplifiers have the advantage 
over doubly-tuned amplifiers of con¬ 
siderably cheaper coil construction, 
which is their only significant ad¬ 
vantage, apart perhaps from the 
smaller size and smaller capacitance 
to ground of the single-tuned in¬ 
ductors. The greater ease of align¬ 
ing singly tuned stages over 
doubly tuned ones is thought by 
some to be an advantage favoring 
stagger tuning. Actually, because 
of their mechanical complexity and 
large capacitance, tunable coils are 
costly and degrade the performance 
of the circuit. Fixed tuned coils can 
be wound with sufficient accuracy 
and the wiring capacitance suffi¬ 
ciently accurately controlled by 
good mechanical design and layout 
to make factory tuning unneces¬ 
sary for either type of coupling, and 
the amplifier is less subject to sub¬ 
sequent tampering. In addition, be¬ 
cause the interstage coils are alike 
for all stages, inverse feedback and 
doubly tuned amplifiers have the 
advantage over stagger-tuned am¬ 
plifiers. 

However, inverse feedback has 
the disadvantage that gain con¬ 
trol cannot be applied to a stage 
around which there is inverse feed¬ 


back because it will change the 
bandwidth. On the other hand, 
gain control can be applied to any 
stage in a stagger-tuned or doubly 
tuned amplifier. Feedback resistors 
in inverse feedback amplifiers can¬ 
not be the ordinary half-watt type, 
but must be of a sort having con¬ 
siderably smaller end-to-end ca¬ 
pacitance (such as the IRC type 
MPM). 

The various coupling networks 
differ with regard to their sensitiv¬ 
ity to the detuning that results 
from varying interstage capaci¬ 
tance. Doubly tuned circuits loaded 
on one side only are considerably 
more critical than doubly tuned cir¬ 
cuits having equal primary and sec¬ 
ondary Q, which is the principle 
objection to loading on one side 
only. In a stagger-tuned combina¬ 
tion, the greater the number of dif¬ 
ferent frequencies, the more criti¬ 
cal it is. 
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Multivibrator Design by Graphic Methods 

Simple graphic method permits accurate design of free-running multivibrator circuit, 
eliminating tedious and repeated calculations. Curves are given for commonly used tubes. 
All phenomena determining circuit operation are taken into account 


By A. E. ABBOT 


T he equation for the semipe¬ 
riod of the free-running zero- 
bias multivibrator shown in Fig. 1, 
as derived from its equivalent cir¬ 
cuit, is 




where n aemiperiod of multivibrator 
JK,i » grid reaittance 
Rl ■■ load reeista&ee 


fp ■■ plate resistance 
Cl ** coupling capacitance 
Eh ^ plate-supply voltage 
Em ** minimum alternating voltage on 
the plate 

Er ■■ cutoff voltage corresponding to 
Eu 

The subscript 1 denotes those fac¬ 
tors pertaining to tube T,. The vari¬ 
ous time and voltage relationships 
in the wave produced are shown also 


in Fig. 1. In Fig. 2 is given the out¬ 
put voltage E„ of the multivibrator 
in peak-to-peak volts as a function 
of load resistance. 

The buildup time of the multivi¬ 
brator, T«, is given on the A scales 
of the nomograph in Fig. 3. This 
nomograph is based on 

ra * 4 [Rt. -f Vp) C 


( 2 ) 
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FIG. 1—Baiic s«ro-biaf IrM-nmninq tnul- 
tlTlbrator« •quiTal«nt circuit and typicol 
time and Toltaga ralationt at tha plalat ol 
the tube 

The value of T), obtained here covers 
the period required for the voltage 
wave to reach 98 percent of its peak 
value. 

In Fig. 4 it is assumed that 

Et> ~~ fjm (n\ 


and a is plotted in this graph 
against various values of Rl and 
Figure 4, therefore, gives a value 
of a that can be multiplied by the 
time constant to give the semipe¬ 
riod. Therefore, Eq. 1 reduces to 

Figure 5 is a period-versus-fre- 
quency chart, which is included to 
facilitate the determination of the 
whole period t when the frequency 
is given. This enables a simple cal¬ 
culation of fractional periods in 
the case of an unsymmetrical multi¬ 
vibrator (Fig. 1): 

r ■■ ri -f ri (5) 

where ti and t. are the fractional 
periods. 

In Fig. 6 and 7, it is assumed 
that 

0 ■■ rp 

Rl + rp 


Therefore, Eq. 4 further reduces to 

n ■■ {Roi -i- 0) Cl a (7) 

In Fig. 6, it is also assumed that 

When plotted against Rg, the factor 
Y permits an evaluation of the effect 
of the load and plate resistances on 
the grid resistance. For the value 
of R[. selected, if Rg is made so high 
that Y > 0.9, then it can be assumed 
that ^ = 0. When y > 0,9, there is 
approximately a 10-percent error 
in the calculation of t, ; this falls to 
5 percent when y == 0.95. 

Equation 7 reduces to a simple 
equation 

Ti Rgi Cl a U)) 

The B scales of Fig. 3 are a plot 
of Eq. 9, and enable a simple cal¬ 
culation of the fractional period 
from the time constant and a. 

If the conditions of the problem 
are such that y < < 0.9 it will be 
necessary to include the effect of /3 
and use Eq. 7 rather than Eq. 9. 

Figure 7 gives the value of p 
for different load resistances. The 
r, selected in this calculation is an 
average value. With a given voltage 
swing, there will be a maximum de¬ 
viation of 11 percent between any 
possible r, and this average value. 

Exomple 1 

It is desired to design a multivi¬ 
brator, using a 6SN7 tube, that 
will have a peak-to-peak output of 
190 volts and will operate at a fre¬ 
quency of 80 kc. The pulse width 
required for triggering purposes is 
10 microseconds. The plate supply 
is 250 volts. 

Then = 250 volts, / = 30 kc, 
E, = 190 volts peak to peak, and 
T, — 10 microseconds. 

Step 1 (see Fig. 2): When Eg = 
190 volts and = 250 volts, Rl = 
35 kilohms. 

Step 2 (see Fig. 4): When Rl 
= 85 kilohms and Et = 250 volts, 
a = 2.568. 

Step 8 (see Fig. 5): When f = 
80 kc, T = 84 microseconds. Then 
Ti = 10 microseconds and ts = 24 
microseconds. 

Step 4: When Rl = 85 kilohms 
and = 0.1 megohm, y = 

0.98. Then ^ = 0. Using scales B 


of Fig. 3: When = 10 microsec¬ 
onds xg = 24 microseconds, and 
a = 2.563, Rgi Ci = 10/2.563 = 8.9 
microseconds, and Ci — 24/2.563 
=: 9.35 microseconds. 

Step 5: When R^x = 0.1 megohm 
and Rgfi^ = 3.9 microseconds, C, 
= 40 jifjLf. When Rg^ = 0.1 megohm 
and RgfCi = 9.35 microseconds, 
(7* = 95 [ifif. 

Step 6 (see Fig. 3, scales A): 
When Rl = 35 kilohms and Ci = 
40 ^/nf, Tj, = 7 microseconds. 

A multivibrator was constructed 
according to the above calculations, 
with resistor and capacitor values 
accurate to within 1 percent. Cal¬ 
culated and experimental values of 
the semiperiod were identical, and 
Eg differed by only 2 volts. 

It is desired to improve the 
buildup time of the multivibrator 
output in Example 1 at the expense 
of output voltage. The conditions 
of the problem remain the same, 
except that a lower value of Rl is 
selected. 


Exompla 2 

Let El = 10 kilohms. Then, by 
consulting the curves in the same 
order as in Example 1, it is found 
that Eg = 132 volts, a = 2.205, 
Rg^ = Rg 2 = 0.1 megohm, y = 0.93, 
R^ Cl = 10/2.205 = 4.64 micro¬ 
seconds, Rgi Ct = 24/2.205 = 10.88 
microseconds, Ci = 45.4 (i.(if, Ct = 
108.8 fijxf, and t# = 3.51 micro¬ 
seconds. 

The multivibrator was again con¬ 
structed, using resistor and capaci¬ 
tor values accurate to within 2 per¬ 
cent; results again were in close 
agreement. 



lood retlstaBBea tor tubes eesuMolv qsed 
ni nramnoNROT cwnoMi 
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iMinpla 3 

It .is desired to design a 26-kilo¬ 
cycle multivibrator with a buildup 
time of 2 microseconds and a pulse 
width of 16 microseconds. 

Step 1 (see Fig. 8, scales A): 
When C = 81 i^f and R,. = 8 kil- 
ohms, X, 2 microseconds. 

Step 2 (see Fig. 2): When Ri = 
8 kilohms and Eg = 260 volts, E. 
= 119 volts. 

Step 8 (see Fig. 4): When Rt. = 
8 kilohms and E, = 260 volts, « = 
2 . 11 . 

Step 4 (see Fig. 5): When f = 
26 ke, T = 40.1 microseconds. Then 
Tt ^ 16 microseconds and tf = 26.1 
microseconds. 
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FIG. 5—Time-lrequency relationthip 

Step 5 (see Fig. 3. scales B) : 
When C, 15/2.11 = 7.11 mi¬ 
croseconds, and C, “ 31 — 

0.228 megohm. When R^n = 
26.1/2.11 = 11.9 microseconds and 
R „2 = 0.1 megohm, Cz = 120 

Limifations 

The results of tests on a multi¬ 
vibrator of this design, using re¬ 
sistors and capacitors accurate to 
within 2 percent, are interesting 
because they illustrate one of the 
limitations of the method. The cal¬ 
culated value of T, is 15 microsec¬ 
onds, while the measured value of 
is 13 microseconds. The discrep¬ 
ancy is caused by the low value of 
coupling capacitance used (31 
At this value, the stray capacitance 
becomes an appreciable fraction of 
the total. For extremely accurate 
results, it would be necessary to 
subtract the tube and wiring capac¬ 
itance from the calculated value. 



Another solution to the problem 
would be to use a smaller value of 
grid resi.stance, thus permitting a 
correspondingly larger coupling ca¬ 
pacitance. When a high value of 
coupling capacitance is used, as in 
the calculation for To, the experi¬ 
mental results are very close to the 
calculated one. 

Another somewhat hidden cause 
for errors in predicting the semi¬ 
periods of a multivibrator is the 
permanent change in the value of a 
resistor with temperature. To de¬ 
termine the order of this change, 
each lead of a 1-watt resistor of 
102,600 ohms was heated with a 
soldering iron for a half minute. 
The resistor was then cooled and 
the measured resistance was found 
to be 148,000 ohms, a change of 45 
percent. Each lead of five 1-watt, 
0.1-megohm resistors was then 
heated for fifteen seconds. The 
average resistance change, after 



FIG. 7—Effect of load roBletonco 


they had cooled for a long period of 
time, was 17 percent. Thus, the 
process of soldering resistors into 
a circuit may change the value of 
the resistor permanently and, con¬ 
sequently, affect the semiperiod of 
the multivibrator. 

To evaluate the cause of the dis¬ 
crepancy in Example 3, the follow¬ 
ing experiment was made: The 31- 
tj.[jLf capacitor was replaced by a 
variable mica trimmer capacitor, 
which was adjusted until the semi¬ 
period was exactly 10 microseconds. 
The capacitance value under these 
conditions was 27 lAjiif. Thus, a 4 
[j.rj.f error caused by wiring and tube 
capacitance is responsible for the 
3-microsecond error in the pulse 
width. 

The results obtained with the 
new value of capacitance were: Tj 
= 10 microseconds, Tz = 26 micro¬ 
seconds, Tj, = 3 microseconds, and 
Eo = 110 volts. 


Low-Frequency Compensation for Amplifiers 


Two unconventional interstage coupling networks for low-frequency amplifiers are devel¬ 
oped. One has a grounded load resistor, thus providing a low impedance output; the 
other requires very little capacitance, thus decreasing size and cost. Design requirements 


M any modern applications of 
electronics, such as radar, 
television, electrocardiography, in¬ 
dustrial vibration analysis, and 
electrical gaging, require amplifiers 
that pass very low frequencies. For 


of the networks are analysed 

By KURT SCHLESINQER 

example, although in some applica¬ 
tions large amplifier distortions 
may be tolerated because the output 
can be corrected by clipping and 
limiting, in television and facsimile 
where halftone shading must be 


faithfully reproduced even a little 
distortion is objectionable. There¬ 
fore, the resistance-capacitance 
coupled amplifiers (used because of 
their freedom from drift found in 
directly coupled amplifiers) require 
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FIG. 1 — At (A) it a conTontionol low4r«qu«iiC7 comp^niotlnq network; (C) and (E) 
arn two other network! that provide the eome reeponee but with leoe compensating 

copacltonce 


compensation to pass very low fre¬ 
quencies. 

Figure lA shows the usual type 
of interstage coupling with low- 
frequency coupling, called plate 
series compensation. The equaliz¬ 
ing impedance is connected in 
series with the plate load Fig¬ 
ure IB shows the equivalent net¬ 
work comprising two resistances 
and two capacitances, one of which 
is shunted by It is this leakage 
resistance across Cm that causes low 
frequency cutoff. The limitation 
could be removed by providing addi¬ 
tional leakage across the corre¬ 
sponding capacitor C«, in the other 
arm. However, the resulting d-c 
transmission that this resistance 
would provide excludes this practice 
in most applications, except perhaps 
for the final stage of a video ampli¬ 
fier. Obviously the available plate 
supply voltage limits the maximum 
value of Rx% hence large capacitances 
are required if coupling is to extend 
sufficiently into the low frequencies. 

These conditions are somewhat 
improved in the circuit of Fig. 10. 
Resistor £ip is in parallel with the 


load resistor thus the circuit 
may be referred to as plate shunt 
compensation. The equivalent net¬ 
work, shown in Fig. ID, can be 
transformed into the equivalent 
plate series network of Fig. IB, or 
vice versa, by the relations 

R\v ~ -I- A*im 

[1 --{ 

(7ir =* C\y\ {/j'lS/ -1 

Note that the ])late filter capaci¬ 
tance C,v for plate shunt compensa¬ 
tion is considerably smaller than its 
equivalent Cm for plate series com¬ 
pensation. The elements R,v and 
C,p may change places wiihout af¬ 
fecting the low-frequency perform¬ 
ance of the signal at B. The circuit 
then presents a grounded resistor 
at point C, which offers a convenient 
source of video signals from a low 
impedance but without low-fre¬ 
quency compensation. 

Figure IE shows a grid compen¬ 
sation system in which the shunted 
capacitor combination CmAm is 
located in the grid branch and the 
plate coupling capacitor C^ is as¬ 
sumed as ideal. The compensation 
resistor jR,a pas.ses only small grid 


and leakage currents and can there¬ 
fore assume higher value.s than its 
counterpart in the other two cir 
cuits. Adequate compensation is 
obtained with much smaller capaci¬ 
tances, as demonstrated by both 
theory and practice. If grid com¬ 
pensation is employed, paper capac¬ 
itors can replace the larger and less 
reliable electrolytic capacitors. 

Figure IF presents the equivalent 
grid compensation network. Com¬ 
parison with Fig. IB reveals as the 
only difference the interchange of 
the points of current input and volt¬ 
age output. From circuit theory it 
follows that, with equal elements 
throughout, both systems are per¬ 
fectly ecpiivalent. Therefore the 
following analysiws of the pulse re¬ 
sponse of the series plate compen¬ 
sated stage is applicable to all types 
of low-frequency compensation. 

In the following analysis the 
tube is treated as a constant-current 
generator with practically infinite 
impedance. The effect of screen 
current is neglected. Grid bias is 
assumed to be available from an ex¬ 
ternal source and all cathodes are 
directly connected to ground. A 
unit step of current is applied at 
point A of Fig. IB. The midband 
load resistance is 

R Rtl^Ra!i/iRln " 4 ” Rr^) 

The transfer impedance from A to 
B is then 

R (p -f a)* - ^ ^ 

where p = /a>, and the transfer im¬ 
pedance is the same in the inverse 
direction. In Eq. 1, a and h are 
closely related to the arithmetic and 
geometric means of two character¬ 
istic frequencies co, and which 
are in turn defined by the time 
constants Tt and T. of the com¬ 
pensating and coupling networks 
respectively 

i/wi ^ *■ 

i/«, - r, - 

ICisCib/(Cis -b Cm)]|/^ 4- /?jm1 

The mean values of these character¬ 
istic frequencies as they appear in 
Eq. 1 are 
a 34 (<*>i 4" «*»*) 

6* o* * yg^ 
c ■■ (Oi/a 
g « (wictfsIV* 
y *■ Cib/(Cib 4" C») 
a Rib/(R» 4 * Rib) 
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thowB agcdnit lime to drcvlt lini* eonitant 


Equation 1 gives, by operation, the 
unit step response of the network 
(see G. W. Carter, ‘^Calculation of 
Electrical Transients”, p 99, Eq. 
11 and 12) 

h(i) *■ [co8h(6() + 

I(c - a)/61 flinh(60] (2) 

To discuss Eq. 2 in technical terms, 
expand it into a power series in t so 
that 

«0-l“(c-2a)/ + 

(6» + 3a* - 2ca) ((*/2) - . . . 

The first order term should vanish 
because this condition indicates a 
horizontal tangent at ^ = 0 (step 
response starts flat). For this con¬ 
dition c — 2a = 0 we obtain 
Flat top 
RtaCiB "" 

which condition holds regardless of 
the value of J?i«. 

The signal droop at the end of T 
seconds can now be assessed. Put¬ 
ting the condition for flat top into 
the power series gives 

A(0 - 1 - 

a^m) . 

Because the sign of the third order 
term is positive, the drooping of a 
compensated stage after T seconds 
of unit step transmission is smaller 
than 0.5 (pD*. Thus we obtain 
Sup droop 
. ^ T* 

2R„R(C„ + C»)* 

Note that the droop is determined 
by such fundamental constants of 


the network as a-c impedance, d-c 
leakage, and total capacitance. 

Figure 2 presents the unit step 
response of a stage with plate series 
compensation for various ratios of 
time constants in the two bridge 
arms, and the response of an un¬ 
compensated stage for comparison. 
The compensated stage handles 
pulses about five times wider than 
the uncompensated stage with equal 
droop. In genera], the improvement 
through low-freqency compensation 
is 

- 2T9Ti 

where T, is the duration of pulses 
handled by the compensated net¬ 
work and Tp is the duration of 
pulses handled by the unrompen- 
sated one, with equal amounts of 
drooping. A high value of T, for 
the compensating arm is desirable, 
hence grid compensation functions 
much more efficiently than plate 
compensation. Practical design data 
are presented in Fig. 8. 


Sqvara-Weve Respenss 


Before applying these results to 
television amplifiers, it must be 
shown that square-wave response of 
the network does not exhibit signal 
distortions in excess of those calcu¬ 
lated for unit step operation. Let 


.(0-0.5(-l)» 

\T It <(a-M)r 


9\ 

n-0,1,3 


be the expression for a square-wave 
signal with an amplitude of one 
volt and a period of 2r. Heaviside's 
superposition theorem then relates 
the square-wave response H(0 to 
the unit step response h{t) as 

yi* (-D-W + nDl 

«s • 

where B is the time difference be¬ 
tween the occurrence of the last unit 
step and the instant t of the obser¬ 
vation. The sum represents the 
influence on the network of an 
infinite number of preceding unit 
steps. Fortunately this series con¬ 
verges to 

li{L) ^(0 I 0 5 p - 

1 « r) i 

Msh {aT) + ooih(6r) J ^ ^ 
Figure 4 shows how the square- 
wave response H can be derived 
graphically from the unit step re¬ 
sponse h in accordance with Eq. 8. 
To obtain H at any time t, take h{t) 
at that time, as well as a fraction 
of the same function T seconds 
earlier. Superimposing these two 
components yields the square-wave 
response H{t). 

In Fig. 4 the procedure is applied 
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to a compensated network which has 
a step response with a horizontal 
tangent at t = 0. The square-wave 
response of the same network ex¬ 
hibits a slight positive rise at the 
start of each period. To correct for 
the rise, the network should be 
slightly undercompensated. Fur¬ 
ther, in contrast to the step re¬ 
sponse, which droops in one direc¬ 
tion only, the actual square-wave 
output shows both positive and 
negative deviations from the ideal 
flat. The sum of the distortions, 
however, does not exceed the ten 


percent droop of the unit step re¬ 
sponse during the same time inter¬ 
val. Because this agreement tends 
to improve for smaller distortions, 
circuit design based on the condi¬ 
tions for flat top and step droop 
for the step function seems entirely 
justified for television. 

Fr«cfie«l CMclMleat 

Figure 3 shows circuits designed 
by the above approach using the 
three types of low-frequency com¬ 
pensation. All three circuits were 
designed to transmit a 1/120 second 
pulse with a droop of less than 2 
percent (1/60 second pulses with 
leas than 6 percent). All circuits 
have the same d-c plate resistance of 
10,000 ohms and the same a-c signal 
impedance of 3,300 ohms. The value 
of plate load yields a bandwidth of 
4.5 me if it is used as the termina¬ 
tion of a two-section constant-k 
filter to obtain high-frequency cor¬ 
rection. 

The conventional plate series 
compensation needs an electrolytic 
capacitor of 10 microfarads, the 
plate shunt circuit uses less than 
half this capacitance, and the grid 
compensated circuit requires only 
l/20th of the capacitance necessary 
in the plate series network, or 0.5 
microfarad. Because such small ca¬ 
pacitors arc available with paper 
insulation, a drastic reduction in 


size and cost is possible with grid 
compensation instead of plate com¬ 
pensation. Also the dependability is 
improved and variations due to 
aging or overload are minimized. 

Whereas the plate compensation 
capacitor operates at plate voltage, 
the grid compensation capacitor op* 
erates at the small grid bias 
voltage. These advantages over 
plate series compensation are real¬ 
ized to some degree by the plate 
shunt method. 

One disadvantage of both plate 
shunt and grid compensation is that 
neither offers as much protection 
against hum and slow fluctuations 
of plate voltage as does the plate 
series network. The plate series 
circuit of Fig. 3 has 28-db attenua¬ 
tion for 60-cps hum between plate 
supply and grid, while the other two 
circuits have only 10-db attenua¬ 
tion. This decreased hum attenua¬ 
tion necessitates a somewhat higher 
investment in power supply filter 
capacitors, but they are less critical 
than those in the interstage cou¬ 
pling network. Video amplifiers 
with two and three stages have been 
built with the grid compensation 
network of Fig. 3 and were found 
to be very satisfactory and stable 
in operation. By using modern 
titanium dioxide dielectric capac¬ 
itors the coupling networks were 
made unusually small. 


Clipping and Clamping Circuits 


Performance characteristics of basic circuits for removing that portion of a signal which 
exceeds a predetermined level or for passing only signals exceeding the clip level, 
and for restoring or changing average values of signals having level portions 


C UFFING or leveling circuits 
are used to perform many 
useful operations, such as creating 
square waves from sine waves, re¬ 
moving large noise pulses from 
audio-frequency signals, and remov¬ 
ing portions of signals for special 
purposes. 

Clipping circuits may be ar- 


By NORMAN W. MATHER 

ranged either to remove the portion 
of a signal which exceeds the clip 
level or to pass only those signals 
which exceed the clip level. Some of 
the circuits can be modified so that 
the signal is clipped only a portion 
of the time, or so the signal is elim¬ 
inated except when it arrives at 
the proper time. 


Clamping circuits, also called d-c 
restorers, are used to restore or 
change the average value of signals 
which have level portions in their 
waveforms. The level portions of 
the waveforms are necessary if the 
clamping action is to be accom¬ 
plished. Signals having random 
variation (or low-frequency a-c 
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components) which are passed 
through a-c amplifiers usually have 
the low-frequency components badly 
distorted. Clamping circuits act to 
restore these components, and alsi 
to change the d-c level of the signal 
if desired, by periodically clamping 
a level portion of the signal wave¬ 
form at a specified voltage. 

Shunt Diodu Clipping 

The simple clipping circuit in 
Fig. lA uses a diode in shunt with 
the path of the signal. Circuits ol 
this type can be used only when 
the load on the circuit is small com¬ 
pared to the load imposed by the 
diode when it conducts. 

This type of circuit clips or lev¬ 
els the signal whenever the plate 
voltage of the diode becomes posi¬ 
tive because its resistance is then 
much smaller than that of the se¬ 
ries resistor, so that a large voltage 
drop occurs in the series resistor. 
When the plate voltage is negative, 
however, the diode is essentially an 
open circuit and the voltage drop in 
the series resistor is small. Revers¬ 
ing anode and cathode connections 
gives positive output pulses. 

Copper-oxide, selenium, or crys¬ 
tal rectifiers can be used in place of 
diodes, depending upon the char¬ 
acteristics of the signal and the 
circuit in which the clipping circuit 
is placed. Due to their large shunt 
capacitance, large dry-disk recti¬ 
fiers are unsuitable when the signal 
has high-frequency components. 

Application of an adjustable volt¬ 
age to the cathode as in Fig. IB 
makes it possible to set the voltage 
at which the input signal is clipped. 
The opposite portion of the signal 
can be clipped by reversing the di¬ 
ode. The diode and potentiometer 
resistance must be much smaller 
than the seyies resistance. 

$«ri«s Died* Clipping 

With a diode in series with the 
path of the signal as in Fig. 1C, the 
circuit can be loaded more heavily 
than when using a shunt diode. The 
values of the circuit elements are 
not critical insofar as the clipping 
action is concerned but depend upon 
the application. The diode passes 
the signal whenever the instanta¬ 


neous flow of current is in the direc¬ 
tion which tends to make the diode 
plate positive. The signal is clipped 
when the plate voltage becomes 
negative. Reversing polarity of di¬ 
ode connections gives negative out¬ 
put pulses. 

In the series diode circuit of Fig. 
ID the clipping level is set by ad¬ 
justment of the variable potentiom¬ 
eter. In the circuit of Fig. IE, the 
clipping level is determined by a 
voltage wave applied from an ex¬ 
ternal source. The circuit of Fig. 
IF uses a series battery to change 
the average level of the signal and 
thus change the clipping level. 

$*rl«f Capacitor tor Blot 

Circuits with adjustable clipping 
levels, in which the average value 
of the signal is changed by the d-c 
voltage developed across a series 
capacitor, appear in Fig. 2A and 
2B. This voltage is developed due 
to the difference of the charging 
and discharging time constants of 
the circuit, which includes the ca¬ 
pacitor and the diode. The ratio of 
these time constants can be changed 
by means of the variable resistance 
in the circuit, thus changing the 
voltage across the capacitor and 
the clipping level. The clipping level 
also depends upon the average am¬ 
plitude of the signal, hence these 
circuits cannot be used with irregu¬ 
lar waveforms. 

Emlfilon-Sotiiratloii Clipping 

A clipping circuit which depends 
upon the emission saturation of a 
tungsten-filament tube is given in 
Fig. 2C. Clipping in this circuit 
occurs when the plate voltage is 
negative or when the emission limit 
of the filament is reached. The re¬ 
sistance shown in the circuit rep¬ 
resents the load. Tungsten-filament 
tubes are not commonly available 
in small sizes; however, the type 
FP-400 can be used. 

6rM Md PloH Clippisg 

With grid circuit clipping as in 
Fig. 2D, the positive portions of 
the grid signal are clipped in the 
same way that signals are clipped in 
the diode circuits of Fig. 1. The 
signal is amplified, inverted, and 



FIG. 1—Bosic and shunt diod* clip* 

ping circuits 


the opposite portion of the signal 
is clipped if the grid signal becomes 
negative enough to cause plate cur¬ 
rent cutoff. A bias voltage may be 
applied in the grid circuit to change 
the clipping level. 

Clipping in the plate circuit due 
to plate-current cutoff at one ex¬ 
treme and to space-charge limita¬ 
tion of plate current at the other ex¬ 
treme is utilized in Fig. 2E. The 
signal is amplified and inverted as 
well as clipped. A large load re¬ 
sistance is used in the plate circuit 
so that the path of operation on the 
plate characteristic will be as indi¬ 
cated. The flow of grid current in 
this circuit loads the circuit sup¬ 
plying the signal, which therefore 
must have a low internal impedance. 

Clipping in the plate circuit of 
a pentode, illuatrated in I^ig. 2P, is 
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FIG. 2—special clipping circuits, including arrangsmnnts for grid and plot* clipping 


similar to the action of the triode 
circuit of Fig. 2E except that the 
grid is not driven positive and thus 
the loading of the signal source is 
eliminated. The signal must not be 
too large and sufficient cathode bias 
must be used for proper operation. 

' Catkode-Cireelf Clipping 

When clipping in a cathode-fol¬ 
lower circuit as in Fig. 3A, the top 
of the input signal is clipped when 
grid current flows due to the volt¬ 
age drop in the resistor in series 
with the grid. The bottom of the 
signal is clipped when the grid-to- 
cathode voltage becomes negative 
enough to cut off plate current. A 
relatively large input signal is re¬ 
quired if both the top and bottom 
of the input wave are to be clipped. 
A potentiometer across the cathode 
resistor adjusts the average value 
of the input signal and controls 
the grid bias voltage. 

Clipping in the cathode-input am¬ 
plifier of Fig* SB occurs when grid 
current flows and when plate cur¬ 


rent is cut off. This circuit requires 
a low-impedance signal source (such 
as the output of a cathode follower). 
It has the advantage of giving volt¬ 
age amplification and clipping with¬ 
out inverting the signal. 


Colnctdesc# Cirenit 

The signals in Fig. SC are clipped 
except when they coincide. Either 
of the control grids can cut off plate 
current, and both are biased be¬ 
yond cutoff in this circuit. When 
they are both raised above their cut¬ 
off potentials, plate current flows 
and an output signal is obtained. 
Similar effects can be obtained with 
ordinary triodes and pentodes by 
applying one of the signals to the 
cathode, screen grid, or suppressor 
grid. 

VR and Tliyrifa Clippars 

Neon lamps or VR tubes can be 
used in the gas diode type of clip¬ 
ping circuit shown in Fig. SD. The 
resistor is chosen so that the cur¬ 
rent conducted by the tubes stays 
within their ratings. The output 
voltage has small spikes on the lead¬ 
ing edges because the gas tubes 
require a starting voltage which 
is greater than their normal volt¬ 
age drop while conducting. 

A clipping circuit using a Thy- 
rite element appears in Fig. 3E. 
Thy rite devices are often used on 
power transmission lines to mini¬ 
mize voltage surges due to light¬ 
ning. 

In the diode clamping circuit of 
Fig. 4A, the upper portion of the 
input signal is clamped at zero 
voltage. By reversing the diode 



FIG. 3--453RiiiiplM of ccrthodo-drcult clipping, o coladdonco circuit that dipt oxcopt 
whoa two inpat olgaolo ooia oido . ond apodal goo diodo and Thyrlto clipping drcnlto 
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FIG, 4<~*Dlo4« and triodn clomplnv cir« 
cnlti* also coUod d-c rostoron 


the opposite side of the signal can 
be clamped at zero voltagre. Opera¬ 
tion depends upon the difference 
in time constant for charging and 
discharging C. When charging, the 


diode resistance shunts R, but while 
discharging the diode acts as an 
open circuit. Selenium, copper- 
oxide, or crystal rectifiers can be 
used in place of the diode. 

A clamping circuit with an 
adjustable clamping level is given 
in Fig. 4B. By placing the diode 
in a circuit containing an adjust¬ 
able d-c voltage E, the clamping 
level assumes the voltage E instead 
of zero level. The opposite side of 
the signal can be clamped by re¬ 
versing the diode. 

Clamping in the grid circuit of 
a tube as in Fig. 4C involves ac¬ 
tion of the grid circuit of a tube 
similar to diode action, hence 
clamping can be obtained by using 
the grid in place of the plate of 
the diode. This operation is merely 
a special case of grid-leak biasing. 

If neither top nor bottom of the 
wave to be clamped has a suitable 
level portion, clamping can be ac¬ 
complished with the synchronized 
clamping circuit of Fig. 4D if some 
intermediate portion of the wave 
is level. Signals which occur at 
random about such a level portion 
will cause the signal to have a vary¬ 
ing average value as indicated by 
the dotted line on the input wave¬ 
form. If the signal has passed 
through stages having a-c coupling 
only, these low-frequency compo¬ 
nents become out of phase with the 


main signal or are lost entirely. 
The purpose of the clamping cir¬ 
cuit is to restore the signal to its 
original form. 

The switching voltage is syn¬ 
chronized with the signal so that 
the tubes, which are normally 
biased beyond plate-current cutoff, 
are switched on when the portion 
of the signal to be clamped occurs. 
The tubes then conduct and cause 
the output to have the proper value 
during the clamping period. The 
coupling capacitor assumes a charge 
during this period which results in 
the random signal starting at the 
right level. Before the capacitor 
voltage has had time to stray far 
from the proper value, the circuit 
again clamps and the capacitor 
voltage is brought back to the 
proper value. 

Synchronized clamping can also 
be accomplished by using diodes in 
place of the triode tubes of Fig. 4D. 
Instead of a battery or other steady 
voltage source, switching signals 
are applied to the cathode of one 
diode and to the anode of the other. 
During the time that these two sig¬ 
nals have the same voltage, clamp¬ 
ing occurs at this voltage, but when 
the cathode signal is made more 
positive and the anode signal is 
made more negative than this volt¬ 
age, the circuit is free to follow the 
main signal voltage. 


Square-Wave Differentiating Circuit Analysis 

From analytical treatment of pulse-generating circuit, generalized circuit design 
charts are plotted giving pulse amplitude and length. Time constant of the input 
wave front and stray shunt capacitance of the differentiating circuit are considered 


I N THIS PAPER the response of 
a conventional -R-C differentiat¬ 
ing circuit to a square-wave volt¬ 
age having an exponential rise is 
to be analyzed. Formulas will be 
derived and curves given which 
apply to both analysis and design 
of this type of differentiating cir¬ 
cuit. In particular, these formulas 
and curves enable one to calculate 


By 6. P. OIMAN 

the shape, length and magnitude 
of the output-pulse voltage of the 
differentiating circuit 

Caatidaraflass 

Upon sharply differentiating a 
square-wave voltage it is common 
experience to find that the magni¬ 
tude of the output-pulse voltage is 
only a small fraction of the mag- 


nituae of the input. This loss in 
magnitude is due principally to two 
things. Firstly, the square wave is 
never truly square but has a front 
of finite slope (usually closely ex¬ 
ponential in form); secondly, there 
is always associated with the resist¬ 
ance of the differentiating circuit 
some stray shunting capacitance 
which brings about a division of 
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the input voltage between this 
stray capacitance and the series 
capacitance of the differentiating 
circuit. 

Intuitively one can see that the 
more closely the voltage wave ap¬ 
proaches a true square wave and 
the smaller is the stray capacitance, 
the greater will be the output of 
the differentiating circuit. How¬ 
ever, it is difficult to say before¬ 
hand just what the amplitude and 
wave shape of the output pulse will 
be. It is the purpose of this paper 
to attempt to answer these ques¬ 
tions as well as some others. 


Mafhsmafkol Asalyils 


Derivation of a mathematical ex¬ 
pression describing the behavior 
of this type of differentiating cir¬ 
cuit is simple and straightforward. 
One has but to set up the Kirch- 
hoff voltage equations for this cir¬ 
cuit and solve the resulting first 
order linear differential equation. 

Let the differentiating circuit be 
as represented in Table 1. Apply¬ 
ing Kirchhoff's law to this circuit 
one obtains the following voltage 
equations 

By differentiating both Eq. (1) and 
(2) with respect to time and then 
eliminating U from the two result¬ 
ing equations, one gets a differen¬ 
tial equation in u 


o ^ 

^ Cl 4- C, Ci + Ct dt 


(3) 


But because =: ijt one can con¬ 
vert Eq. (8) into a differential 
equation in e,, i.e. 


<feo e, 

dt ' 


Cl 4- c, de 
Equation (4) is a common fir 
order linear differential equati< 
which may be solved in the co 
ventional way by means of the i 
tegrating factor, + yiel 

ing. 


0 dt 


f 


(« 


Equation (6) sivoa the raponae 



Ct Scries ea|iactuncc. itt (aracU 
Ci Stray fliunt ca|)«cilance. in faraj* 

H Shunt rc^iktance. in ohim 
e, » Applied input potential, in velta 
e. ^ Oek eloped output potential, in volta 
a «bTime. in aecondf 

o<-E. I 

E, "Amplitude of MiuNre wave, in«oiti 

"Time conatant of input aoiuge wav# front. 
In aecond. 

* Ci). timeennitant of difTerentialinf 
circuit 
p a-t./t. 

« "C./lCi d-Ca) 

T "t/t. 


TABLE 1—DilleMBtiotlng circuit ond 

dcllnitiont of tomu dUcustod in toxt 

of the differentiating circuit to 
an input voltage of any form. To 
make practical use of this equation 
it is necessary to express the input 
voltage as a differentiable function 
of time. 

It should be observed that the 
lower limit of the integral of Eq. 
(5) is zero. This follows from the 
assumption that the differentiating 
circuit is at rest when the input 
voltage is applied to the circuit 
at t = 0. This assumption also 
implies that the square wave is 
longer than the output pulse if the 
square wave is one of a train of 
square waves. 

Sqn«r« Wave Inpot Volfoga 

In recent applications, television 
being one of the common and 
widely knowm ones, practice is to 
differentiate the front or back of 
a square-wave voltage to obtain a 
sharp-pulse voltage. Because the 
differentiation of square waves is 
therefore relatively important, and 
because of the impracticability of 
considering all the possible wave 
shapes only the differentiation of 
square waves will be considered 
further. 

It was previously pointed out 
that one never encounters true 
square waves in practice since 
their fronts and backs have finite 
slopes usually approximately ex¬ 
ponential in form. A square wave 
having an exponential front will be 
assumed. Let this voltage be rep¬ 


resented by the expression c, = 
JF (1 — where the terms 

are as defined in Table 1. 

This expression gives only the 
rise of the square wave, not the 
fall, but this is not a serious limi¬ 
tation because the front and the 
back of the square wave can be con¬ 
sidered separately. If the back of 
the square wave is similar in form 
to the front, a pulse similar to that 
generated in the differentiating cir¬ 
cuit by the front, will be generated 
by the back, but of opposite polar¬ 
ity. 

If one differentiates the above 
expression for c, with respect to 
time, substitutes it in Eq. (5) and 
performs the indicated integration, 
one arrives at the expression 

Po * BiCi 1 w 

Ti(C, 4 C\) ' ± 

R{C, 4 Ct) n 

+ ( 6 ) 

Equation (6) is unwieldly, but 
by substituting t., 0, y Bnd T as 
defined in Table I, it can be simpli¬ 
fied to 

Po « Eiy - « ( 7 ) 

For the purpose of plotting, 
however, this expression is unsuit¬ 
able because it contains too many 
variables. But Ei and y appear 
only as simple multipliers and 
hence have no effect upon pulse 
shape other than its amplitude. 
By letting e/ = e./Eiy, one ob¬ 
tains an expression which may be 
plotted as a family of curves. 

( 8 ) 

Figure 1 is a plot of Eq. (8). 

Two other quantities which are 
of importance are the peak voltage 
reached by the output pulse and the 
time interval after the arrival of 
the square wave at which this oc¬ 
curs. Both of these quantities de¬ 
pend upon the value of 0. These 
quantities may be found by maxi¬ 
mizing Eq. (8). 

•• —* 0 

dT I - ^ ^ ^ 

(9) 

Substituting Eq. (9) into Eq. (8) 
one finds that 

( 10 ) 
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meters of the differentiating circuit 
since loading of the voltage source 
will increase the time constant 
T* of the input wave front. In 
some cases allowance may have to 
be made for loading. 

On Fig. 1 e/ and T are pure 
numerics and do not per se rep¬ 
resent voltage and time respec¬ 
tively. Co' must be multiplied by 
jE’«Y to obtain the output voltage, 
and T must be multiplied by 
T< to convert the abscissa scale to 
a time scale. If this is done the 
curve corresponding to the proper 
3 will be a chart of the output 


FIG. 1—Family of carvoi for rolotlro pulto ompUtudo rolatiTO timo shows 
ths offset on tho pulso ompUtudo and lonqth of tho ratio of Iho input waTo^front 
timo constant to tho dlfforontiotinq circuit timo constoat 


Eliminating T from Eq. (9) and 
(10), one obtains 


Solving Eq. (9) for T 


T for ■ 




( 11 ) 


( 12 ) 


/?- 1 ‘ 

Equations (11) and (12) are 
plotted in Fig. 2. 

In addition to the curves already 
mentioned a third set of curves, 
given in Fig. 8, has been calcu¬ 
lated and plotted, which gives an 
indication of pulse length as a func¬ 
tion of 3« Pulse length is defined 
as the time at which the pulse 
voltage has decayed to a certain 


percentage of the maximum pulse 
voltage. Figure 3 gives the T at 
which the pulse amplitude has de¬ 
cayed to 10 percent and to 1 per¬ 
cent of its maximum value. 

Uso of Charts 

It is tacitly assumed in the 
derivation of these formulas and 
curves that the differentiating cir¬ 
cuit has negligible loading effect 
upon the square-wave voltage 
source. This is not likely to be 
the case if the source impedance 
is relatively high compared to the 
impedance of the differentiating 
circuit. This should be kept in 
mind when one chooses the para- 


voltage as a function of time. The 
curve corresponding to 3 = 0 will 
be a chart of the input voltage 
if the ordinate scale is multiplied 
by Et alone and the abscissa scale 
is multiplied by ti. 

Frequently one wants to know 
the maximum voltage reached by 
the output voltage pulse and the 
time at which this maximum oc¬ 
curs; Fig. 2 gives this information. 
Here again e/ and T must be 
treated in the same way as on 
Fig. 1. 

It can be seen upon examina¬ 
tion of Fig. 1 that no matter how 
great 3 is, that is—no matter how 
sharply one differentiates the input 
wave, the front of the output pulse 
never has a slope greater than that 
of the input wave. However, in¬ 
creasing 3 has two desirable effects; 
it shortens the length of the pulse, 
and it reduces the time necessary 
for the pulse to reach its maxi¬ 
mum value. Increasing 3 has one 
very undesirable effect; the maxi¬ 
mum pulse amplitude decreases, 
consequently it is not generally 
practical to make 3 very large. 

Examination of Eq. (7) shows 
that one should keep C, as small 
as possible; a large Ct in compari¬ 
son to Cl results in loss in ampli¬ 
tude of the output voltage pulse 
because y becomes appreciably less 
than unity. A large C7* also in¬ 
creases the time constant of the 
differentiating circuit. 

lllMtrotIva frablam 

Response of a given differentiat¬ 
ing circuit to a given square wave 
may quite readily be found using 
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the formulas and charts that have 
been derived and plotted. For ex¬ 
ample, suppose that a square wave 
of 100 volts amplitude and having 
a front whose time constant is 0.25 
microsecond is applied to a differ¬ 
entiating circuit in which Ci = 
90 fi/xf, Ca = 10 jULfxi, and R = 
6000 ohms, and suppose one wants 
to answer the questions: 

(1) What is the equation of the 
output voltage pulse? 

(2) What is the maximum out¬ 
put voltage? 

(8) At what time will the maxi¬ 
mum voltage be reached? 

(4) What is the pulse length, 
i.e., when will the pulse voltage 
decay to 1 percent of its maximum 
value? 

To answer question (1) we cal¬ 
culate To, 3, T, and T from their 
equations as given in Table I, 
obtaining 

To = 0.50 microsecond 

3 = 0.50 (coincidence that 

3 = Y*) 

Y = 0.90 

r =: 4.0f X 10* 

These values are substituted in 
Eq. (7), giving for the output- 
pulse voltage as a function of time 
the equation 

This equation corresponds to the 
curve p = 0.60 in Fig. 1. 

Question (2) is answered by 
finding the €/„„ for 3 = 0.60, in 
Fig. 1 which is 0.60 coincidentally, 
and multiplying this value by Etf, or 


= (0,50) (100) (0.90) = 45 

volts. 

Figure 2 is also used to answer 
question (3). One finds the T for 
corresponding to 3 = 0.60 
and multiplies by Tt, thus t for 
= (1.40) (0.25) = 0.35 

microseconds. 

The answer to question (4) is 
found with the aid of Fig. 3 which 
shows T for decay to 1 percent of 
the maximum to be 12.1 for 3 = 
0.50. This T times t, gives the 
pulse length in time, which is 3.78 
microseconds. 

D«tigR DimcuitUt 

The problem of design, as is 
usually the case, is more difficult 
than the problem of analysis. Given 
a square wave with certain ampli¬ 
tude and rise time it may not be 
possible to design a differentiating 
circuit which will produce an out¬ 
put pulse having simultaneously all 
of the desired characteristics of 
pulse amplitude, pulse length, and 
time for pulse to reach its maxi¬ 
mum value. It may not be pos¬ 
sible even to satisfy the require¬ 
ment of pulse amplitude alone, al¬ 
though the requirements of pulse 
length and time required to reach 
a maximum may usually be met by 
differentiating sufficiently sharply. 

Unfortunately, as was previously 
pointed out, the more sharply one 
differentiates, i.e., the greater is 
3, the smaller will be the magni¬ 
tude of the output pulse so it is 


not generally advantageous to 
differentiate any more sharply than 
necessary. Because of this close 
interdependence of pulse charac¬ 
teristics, one is usually forced to 
design the differentiating circuit to 
meet the most urgent requirement 
first and then to try to satisfy the 
others if possible. 

As an example of design, suppose 
one wishes to design a differentiat¬ 
ing circuit which will produce a 
pulse of at least 40 volts maximum 
amplitude and that this maximum 
should be reached as quickly as 
possible, given a square-wave in¬ 
put voltage of 100 volts amplitude 
and having a rise whose time con¬ 
stant is 0.25 microsecond. 

A number of assumptions will 
have to be made in solving this 
problem. One is in regard to 
If the differentiating circuit is iso¬ 
lated this stray capacitance Cz is 
ordinarily quite small, perhaps 1 
or 2 ft/xf, but if the differentiat¬ 
ing circuit is in close physical 
proximity to other circuits, and 
especially if the output is con¬ 
nected to a vacuum tube, Ca is likely 
to be higher, say in the order of 
10 ju,/xf. In this example a Ca of 10 
jLt/if will be assumed. 

Another assumption is in regard 
to Y* Ordinarily one would like 
y to be close to unity, but this means 
choosing a large Ci. If Ci is large, 
R must be small in order to dif¬ 
ferentiate sharply. A small R 
would make the impedance of the 
circuit low and possibly load the 



FIGL 2—For tmm la doslgalag B-C dIfloroattallBg dreolli# Ihoso FIG. 9—Cunros. giving roloUvn Hmo for tho pulto to docoy 

garvos give itlottvo ooq^lllodt oad tag lor piilio wtatimvm to a omoU poreont of lUi moximum. ladicato pals# longfh 
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voltage source to such an extent 
that the advantage of differentiat¬ 
ing sharply would be lost. Usually 
it is not practical to make y much 
larger than 0.90; often, it has to 
be made smaller. In this example 
a Y of 0.90 will be chosen since a 
relatively high output voltage is 
the principal requirement. It will 
be seen subsequently that choosing 
a Y at this point is equivalent to 
choosing a Ci and fixing the value 
of R. 

Now because y bas been chosen 
as 0.90 and C. as 10 /i/xf, Cx will 
have to be equal to 90 /i/ii as given 
by Y = Cx/{Cx + C.) = 0.90. 
Given an of 40 volts, 
will have to be = e»m*x/Eiy 
= 40/(100 X 0.90) = 0.46. On 
Fig. 2, corresponding to this value 
of 0.45 one finds that 3 can not 
be greater than 0.65. This means 
that T. = ti/ 3 = 0.26/0.65 = 0.47 
microsecond. But t, = R(Ci + 
C,), hence R{9Q 4- 10) X 10'“ 


= 0.47 X 10** = 4700 ohms. 

As a matter of interest one can 
find, using Fig. 2 and S, that t for 
= TiT, where T is taken at 
is 0.25 X 1.23 = 0.81 micro¬ 
second, and that the time at which 
the pulse has fallen to 1 percent 
of its maximum value is tiT, where 
T is taken at 1 percent, is 0.25 x 
9.9 = 2.25 microseconds. 

As an example of designing a 
differentiating circuit for a de¬ 
sired pulse length, suppose one 
wants the pulse to be down to 1 per¬ 
cent of its maximum value in 1.50 
microseconds, given the same in¬ 
put voltage as in the previous exam¬ 
ple; what must the circuit para¬ 
meters be? 

To find the value of T corre¬ 
sponding to the 1-percent time we 
divide the pulse length of 1.50 
microseconds by t«, which is 0.25 
microsecond, giving 6.00. From 
Fig. 3, for this value of T we find 
that 3 is 1.92 hence t. = 1?(Cx -f Ct) 


= t,/3 = 0.26/1.92 = 0.18 micro¬ 
second. 

Now again an assumption must 
be made. One can either assume L 
value for Ci -h C. and solve for R, 
or vice versa. In this example a 
resistance of 3900 ohms will be 
chosen. 

As has been previously pointed 
out, the minimum permissible value 
of R is determined by the im¬ 
pedance of the voltage source. If 
one assumes a value for €i 4- Ct 
and this assumption results in a 
value for R which is too low, a 
smaller value of Ct -f- C« must be 
assumed. Consequently it is usu¬ 
ally advisable to select a value for 
R and solve for Ct -H Ct if either 
may be chosen. Sometimes, how¬ 
ever, as in the previous example, 
it makes the solution of the prob¬ 
lem simpler if a value for Ci + 
Ct is chosen instead. If R is taken 
as 8900 ohms, Ci 4- C* = T*/i2 = 
0.13 X 10 V3900 = 33 jifit. 


Current Oscillator for Television Sweep 

Electron beam deflection in kinescopes and camera tubes is provided by this saw-tooth cur¬ 
rent oscillator in conjunction with the horizontal deflection yoke. Full deflection with 
excellent linearity is obtained in a 12-inch, 38-degree kinescope 


T he suggestion of using the out- 
put voltage across the horizon¬ 
tal winding of the deflection yoke 
in a cathode-ray tube for triggering 
the sweep output tube has been fre¬ 
quently considered in the past. In 
a conventional television receiver, 
for instance, a blocking oscillator 
and a discharge Aube may be elimi¬ 
nated if the horizontal output tube 
is made to oscillate and produce a 
saw-tooth waveform. 

PreblM 

Saw-tooth current oscillators have 
been described in the literature' * 
and patents.**' Practically all the 
saw-tooth current generators re¬ 
ferred to had four inadequacies in 
common: 


By aEORBE CLIFFORD SZIKLAI 

(1) Lack of linearity in the long 
portion of the saw-tooth wave. 

(2) Interdependence of the ampli¬ 
tude and frequency controls, making 
the adjustment of the device very 
difficult. In some cases, to permit 
amplitude variation without falling < 
out of synchronization, a wide lock¬ 
ing-frequency range was required, 
making necessary the use of large 
synchronizing pulses.* 

(3) Difficulty of synchronization. 
Most generators described in the 
literature require large-amplitude 
signals for lock-in, and, due to their 
instability, have to follow the sig¬ 
nals over a wide range, tending to 
make the deflection susceptible to 
noise disturbances. Farnsworth* pro¬ 
posed high-impedance (auxiliary 


grid) injection of the synchronizing 
pulses, in a system where the effect 
of this auxiliary electrode was less 
than that of the oscillator grid. 

In the last few years the superior- 
operation of automatic frequency- 
controlled type of deflection has been 
demonstrated as compared to the 
more conventional lock-in type of 
synchronization. This type of ope¬ 
ration requires a sensitive reaction 
of frequency change to a small 
change of applied direct potential. 
Such control was not provided in the 
oscillators referred to above. 

(4) Lack of stability. In some 
applications, such as non-synchron- 
ized picture sources, when no con¬ 
venient stable frequency source is 
available for locking the oscillator, 
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FIG. 1—Circuit of tow-tooth current otcil- 
lotor uted to food horlsontal defloction yoke 


it is highly desirable to keep the 
scanning frequency constant. This 
requirement is not fulfilled even by 
conventional pulse generators (such 
as blocking oscillators and multi¬ 
vibrators) unless stabilizing circuits 
are provided. 

Besides these general faults, prac¬ 
tically all the schemes have further 
disadvantages peculiar to their par¬ 
ticular design. For example, Rhea’s 
circuit* requires the yoke circuit to 
have an alternating potential to 
ground, increasing crosstalk difficul¬ 
ties. In Wheeler’s and Bahring’s 
circuits, the tube grids are loaded 
considerably. In spite of these dis¬ 
advantages, saw-tooth current oscil¬ 
lators were used in Europe, where 
tube cost considerations outweighed 
the shortcomings of these circuits. 

The circuit shown in Fig. 1 is 
practically free from the faults de¬ 
scribed, and is more economical than 
most of the prior saw-tooth current 
oscillators. To fully understand its 
operation, it may be advisable to 
review the fundamentals of saw¬ 
tooth current generation in electro¬ 
magnetic deflection circuits. 

tatic Frinelplef 

A reactive saw-tooth current gen¬ 
erator is shown in its idealized form 
in Fig. 2. The battery symbol Em 
represents a power source (which 
can be replaced by a charged capaci¬ 
tor) ; 5 is an ideal switch capable 
of high-speed operation, able to 
withstand high voltages in its open 
position, and having perfect bidi¬ 
rectional conduction in its closed 
position; L represents the induct¬ 


ance of the yoke, and C the incidental 
capacitance. For the time being, no 
resistance is assumed an 3 rwhere in 
the circuit. 

When the switch is first closed 
(Fig. 8, curves, time f,), the current 
will increase linearly with time ac¬ 
cording to 

di/dt - Bm/L 

until at time U the switch is opened. 
The current stored in inductance L 
will then be discharged through ca¬ 
pacitor C in an oscillatory manner. 
The solution for the equilibrium 
equation is 

Eb I \ 

<hTc ^ ITz) 

If the switch is then closed at time 
it at the end of a half period of the 
self resonance, the inductance re¬ 
turns its energy to the battery again 
with a current linearly changing 
with time until f,, at which time 
there is a current equilibrium, and 
from there on the battery will de¬ 
liver current in a linear manner to 
the yoke again. 

If there were no resistance in the 
circuit, and a perfect switch could 
be provided, no external energy 
would be required to provide a saw¬ 
tooth current (which would be a 
wattless current in that case, and the 
purely reactive load would behave 
the same way as zero power-factor 
loads behave with sinusoidal cur¬ 
rents). By deflecting the electron 
beam periodically, there is actually 
no work done; the reactance of the 
yoke acts as a fly-wheel moving the 
beam bidirectionally. 

In Fig. 8, curve a represents the 
voltage that would appear to the left 
of dotted line A in Fig. 2 if no load 
were applied to the battery-switch 
combination. Curve h shows the cur¬ 
rent flowing through the inductance, 
and curve o shows the voltage ap¬ 
pearing across the inductance, 

4t 

It may be observed that the form of 
this voltage is substantially identical 
with the required input voltage. This 
voltage is, however, far greater than 


the input voltage, the ratio being 
E,. - 1.41 

l8 ■— »? 

Since the yoke always has some 
resistance, the current going into the 
yoke has to satisfy the equation 

iR + L di/dt ^ Eb 

and it will take the exponential form 



spoiling the linearity of the saw¬ 
tooth. Greater difficulties are, how¬ 
ever, encountered with the resistance 
of the switch. Normally a grid-con- 
trolled electron tube is used for this 
purpose, with a resistance many 
times that of the resistance in the 
yoke. We may resort to impedance 
transformation, but a limit is found 
by the fact that the return time is 
determined by the inductance arid 
the distributed capacitance of the 
transformer 

( f 3 ■— ts = V LC ) . 

Another difficulty is met by the 
fact that the electron tube is not bi¬ 
directional. It does not conduct until 
the yoke is discharged, and the volt¬ 
age across the yoke retains its oscil¬ 
latory nature until the voltage across 
it drops below the supply potential, 
at which time the plate of the tube 
becomes positive again. In Fig. 8, 
curve d shows the potential across 
the yoke under this condition, while 
curve e shows the corresponding 
current flowing through the yoke. 

Dampiaa Tube 

Blumlein* proposed the connection 
of an inverted diode across the in¬ 
ductance to damp the oscillation and 
to act as the switch during the period 
while the amplifier tube is not con¬ 
ducting due to reversed potential on 



PIG. 2—^Settle dicult of o rocictlTo tow- 
tooth eurront osetUotor 
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FIG. 3—Currant and Tollage roriatlaiia In 
the circuit oi Fig. 2 whan tha twitch it 
oparatad 



FIG. 4>~Elaniantt oi batic damping circuit 
that acta lika the twitch of Fig. 2 


its plate. The analysis of the ope¬ 
ration of the damping tube has been 
described in detail in patent litera¬ 
ture.’"® 

The damped output circuit is 
shown in its simplest form in Fig. 4. 
The output tube V^ is pulsed by a 
grid voltage as shown, and builds 
up the current exponentially in the 
yoke due to its own resistance Ro and 
the resistance in the yoke until 
the grid is biased beyond cutoff by 
the pulse (this pulse must be of con¬ 
siderable amplitude/since the plate 
voltage during the return time as¬ 
sumes a very high value). At this 
time the yoke current begins its de¬ 
caying oscillation until the potential 
across it becomes larger than Ei,, at 
which time the damper tube starts to 
conduct and maintains a constant 
potential across the yoke. 

Figure 6 shows the currents flow¬ 
ing through the output tube (/ of 


F,) and the damper tube (/ of FJ ; 
it may be seen that they add in the 
form of a linear total current out¬ 
put. This operation was frequently 
compared to the push-pull operation 
of class B amplifiers. 

The Tolson and Wheeler patents 
each show the use of a grid-con¬ 
trolled damping tube' “ to change the 
impedance of the damper, and there¬ 
by improve the linearity of the saw¬ 
tooth. The damper, while adding to 
the available saw'-tooth a sizeable 
portion (about 30 percent greater 
amplitude), is not a perfect counter¬ 
part of the ideal switch, since it does 
not return the stored energy to the 
battery but dissipates the power 
through another battery which 
is normally replaced by an R-C cir¬ 
cuit. 

The plate of the damping tube Fb 
must be connected to the positive 
terminal of E\ rather than to the 
cathode of Fj due to its high imped¬ 
ance. This requires a higher poten¬ 
tial than available from the back 
swing, as shown in curve d of Fig. 3, 
to pass the current from the yoke 
back to battery E,. To provide a 
damper tube with a lower impedance, 
larger cathode area has to be pro¬ 
vided, with correspondingly higher 
filament power requirements, mak¬ 
ing inroads in the overall efficiency. 
The damping tube must be able to 
withstand the high voltage gener¬ 
ated across the deflecting circuit dur¬ 
ing the return time. 

Oteillofor Oparation 

The type of pulse required to 
drive the output tube is identical 
with the voltage wave shape devel¬ 
oped across the deflection yoke or any 
winding of the output transformer. 
In Fig. 1, a separate winding on the 
output transformer is used to feed 
the pulses to the grid. It was found 
that by feeding this signal to the 
control grid of a tube, the frequency 
adjustment made by R-C in the grid 
circuit will change the saw-tooth 
output amplitude materially, and in 
reverse, any change in the amplitude 
adjustment altered the frequency. 
Since the grid in that case was draw¬ 
ing current for a considerable time, 
and appeared heavily loaded, a size¬ 


able signal was required for syn¬ 
chronizing. 

By using the screen of a beam 
power output tube for feed-back, the 
control grid was made available for 
synchronizing purposes. Due to the 
high transconductance of the control 
grid, a very small synchronizing sig¬ 
nal is adequate to lock in the oscil¬ 
lator. By changing the d-c potential 
of the control grid, the frequency 
varies approximately 3 percent per 
volt change, without any noticeable 
change of the saw-tooth amplitude. 

Figure 6 shows the saw-tooth fre¬ 
quency plotted against the voltage 



FIG. 5—Th# combination of tho curront 
through tho damping tubo and tho output 
tubo form a Unoor total curront (doihod 
lino) 
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FIG. 6—Seror-tooth iroquonoy and grid 
▼oltago lor ono toIuo of scroon voltogo 


applied to the control grid, at one 
particular adjustment of the coarse 
speed control {R in the screen return 
circuit). The zero-bias frequency 
may be shifted by the coarse speed 
control. This sensitivity and behav¬ 
ior make this deflection circuit par¬ 
ticularly adaptable for control by 
automatic frequency control circuits. 

The frequency of the saw-tooth 
current oscillation is determined by 
the forward and return periods (U 
to U and U to U ), but the return time 
is determined purely by the natural 
periods of the yoke circuit since dur¬ 
ing that time the tube is discon¬ 
nected. The forward period may be 
determined from the grid voltage de¬ 
veloped during that time 
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FIG. 7—8ow-tooth cumnt through the 
deflection yoke 



FIG. 9—Voltage acroti grid winding of 
troneformer 


where is the voltage developed 
between the screen and the cathode 
of the oscillator tube, Ed is the volt¬ 
age drop across the coarse speed con¬ 
trol resistance, Lg and L, are the in¬ 
ductances reflected across the screen 
grid and plate circuits, respectively, 
and ig and 4 are the grid and plate 
currents. 

Since the derivatives of the plate 
and screen grid currents are constant 
during the time U and ^ 4 , and the 
boundary conditions for the forward 
period are determined by this time 
and the maximum currents, the value 
of the last two parts of the above 
equation may be evaluated as 

. 

Substituting this value, and solving 
for the time, we obtain 

j j m»x 4 " Lpip max 

U — h -»- j 5 - 

Ctg — CtD 

where the denominator is the po¬ 
tential appearing across the grid 
winding of the transformer, and is 
therefore equal to the plate voltage 
multiplied by the transformer ratio. 
This final equation shows that the 
period increases as the resistance in 
the screen grid circuit is reduced, 
since ig max then increases in con¬ 
trast with the conventional blocking 
oscillator. 

Due to the resistance in the cir¬ 
cuit, the long portion of the saw¬ 
tooth follows an exponential curve, 
unless provision is made to linearize 
it. This is accomplished by varying 



FIG. 8—^UuMirity of Uiu horisontal dalUc* 
Sob 



FIG. 10—Cothode currant of oscillator tube 


the impedance of the damper tube, in 
accordance with the inverse of the 
non-linearity of the trace. In addi¬ 
tion, the impedance of the damper 
tube is made to compensate for the 
nonlinear characteristics of the os¬ 
cillator tube. The impedance of the 
damper tube is varied by controlling 
the grid through an R-C circuit as 
shown in Fig. 1. The average value 
of the impedance may be adjusted 
by the potential of the screen which 
serves as a linearity control. 

The cathode of the damper tube 
will be several thousand volts abov^ 
ground during the return time, and 
it may break down to the filament if 
the latter is at ground potential. The 
capacitance of the cathode to ground 
also must be minimized, since it ap¬ 
pears directly across the transformer, 
and it will influence the length of the 
return time. This situation can be 
easily remedied by floating the fila¬ 
ment above ground either by using a 
separate filament transformer with 
low capacitance for the damper tube, 
or by connecting the filament to the 
supply through a double choke so 
that the cathode-filament capacitance 
is in series with this inductance. 
Such chokes can be made very eco¬ 
nomically, and specifications for one 
may be found at the end of this 
article. 

Figure 7 is an oscilloacopic picture 
of the trace of the saw-tooth current 
through a five-ohm resistor connected 
in series with the deflection yoke. 
The beam was modulated by a volt¬ 
age with a frequency of approxi¬ 
mately SOO kilocycles to show the 


length of the retrace time. 

To show the linearity of the de¬ 
flection, the horizontal deflection fre¬ 
quency of the oscilloscope was low¬ 
ered to make the dots form lines as 
shown in Fig. 8; the even distribu¬ 
tion of the horizontal lines provides 
an indication of the degree of linear¬ 
ity obtained. 

Figure 9 shows the voltage across 
the grid winding of the transformer 
and Fig. 10 shows the current flow¬ 
ing through the cathode resistor of 
the oscillator tube. 

Several tetrodes, pentodes, and 
beam power amplifier tubes were 
tried as the oscillator, such as types 
6Y6, 6L6, 6V6, 6F6, 6K6, 48, 807, and 
Western Electric types 339A and 
350B. The largest deflection cur¬ 
rents were obtained with the last two 
types. The Western Electric type 
360B is very similar to the 6Y6G 
type, but the screen dissipation is 
four watts against the 1.75-watt rat¬ 
ing of the 6Y6, or 2.5 watts of the 
6L6. 

The screen potential is approxi¬ 
mately 100 volts during the forward 
trace, and it draws a current of 20 
to 40 milliamperes. If this power is 
permitted to heat the screen excess¬ 
ively during the retrace period, 
when the screen swings 1,000 or 
more volts negative, it will emit 
thermionically, and some of the elec¬ 
trons are collected by the No. 1 grid, 
charging it negative and increasing 
the frequency as can be seen from 
Fig. 6. 

Due to the thermionic conduction 
to the No. 1 grid, the synchronizing 
input impedance is lowered and the 
pulse, or d-c control source, will be 
loaded. It is possible to feed the afc 
potential through one of the i-f am¬ 
plifiers and take the d-c variations of 
the cathode resistor of the same tube. 
However, this seems to be an un¬ 
necessary complication when a tube 
with proper screen dissipation can be 
constructed. 

In certain applications when no 
primary synchronizing source is 
available, it is desirable to have a 
basic stability, comparable to that of 
sinusoidal oscillators. It was found 
that by connecting a high-Q reso¬ 
nant circuit in the control grid cir¬ 
cuit, this circuit will be shock excited 
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th« grid circuit 

and produce a sine wave determined 
by its inductance and capacitance. 
The oscillator will then lock in on this 
frequency, and the stability will de¬ 


pend primarily on the constancy of 
the L-C circuit. 

Figure 11 shows the circuit dia¬ 
gram of the stabilized oscillator. In 
this case the damping tube is con¬ 
nected across the grid winding, 
thereby placing the cathode near 
ground potential. This circuit elim¬ 
inates the necessity of floating the 
filament, but, due to the leakage in¬ 
ductance, it places slight ripples in 
the return trace. These are not ob¬ 
jectionable unless the pulse is to be 
used for d-c reinsertion, keyed avc, 
or like purposes. 

SPBCIFICATIONS 

Oaeillator Tranaformer 

Core: 80211-3 and 302114 

Center leg; S7/64-lnch fiiiiiare atitck 
Window: 87/64 x 17/16 Ineh 
MLMC: 10.6 centimeter 
Height: 2-5/16 Inch 
Width : l-% Ineh 

Material: 0.008-inch nilicon steel P.S. 188 
Butt .Toiiit 


('oil: Wind yoke winding Hrst, 80 tiirna So. 
24 wire layer wound. Plate winding, 
400 turna No. 80 wire, two 8/16 pies, 
univeraal winding. Grid winding— 
name on plate winding. Plate and Grid 
wlndinga are waun<l on top of yoke 
winding aide by aide. 

Dual Filament Choke 
Core: 63917-2 

Center leg: % Inch, aquaro stack 
Window : % x 18/16 inch 
MLM(^: 8.4 centimeter 
Height: 1-11/82 inch 
Width: 1-4 inch 
Material: 0.014-lnch aillcou steel 
Air gap: 0.05 inch 

Coll: 500 turna each of No. 34 wire wound 

E arullel, 0.002-lnch paper lietween 
lyera 

Inductance of one winding : 0.5 henry 
Total reaiatance: 125 ohms 
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Iron-Core Components in Pulse Amplifiers 

A discussion of the rate of voltage change in the “leading edge." “flat 
top” and “trailing edge” portions of square-wave or flat-top pulses when 

impressed on iron-core reactors 


By REUBEN LEE 


S QUARE or Hat-topped pulses of 
steep wavefront have come into 
considerable use of recent years, par¬ 
ticularly in television and allied tech¬ 
niques. They may be impressed on 
iron-cored transformers by a vacuum 
tube, a transmission line, or even a 
battery and a switch. 

The analysis to follow discusses 
the rate of rise of the front edge, 
the extent of the flat top and the rate 
of decay of the trailing edge as func¬ 
tions of circuit constants. The mathe¬ 
matical expressions for these por¬ 
tions of the wave, which describe the 
transient conditions producing these 
waves, are not given, in the interest 
of economy of space. All the essen¬ 
tial data necessary for one to under* 
stand these rates-of-voltage change 
are given, however. 

The pulse itself is given in Fig. 1 
and a generalized circuit for the 


amplifier is given in Fig. 2A with 
the equivalent so far as the trans¬ 
former is concerned in Fig. 2B. 

During the front edge period when 
the pulse voltage e is rising abruptly 
to its final value E, the transformer 
open-circuit inductance presents 
practically infinite impedance to the 
voltage change and is omitted in 
Fig. 2B. The leakage inductance, 
however, has considerable influence 
on the wave shape and appears as L. 
Other quantities are defined on the 
figure. Quantities in the secondary 
circuit are all referred to the pri¬ 
mary by multiplying them by 
(JV^/AT,)* or, if it were more con¬ 
venient to treat the transformer en¬ 
tirely from the secondary, the pri¬ 
mary quantities would be referred 
to that side by a reciprocal multiply¬ 
ing factor. 

Since there are two capacity terms 



C, and C, then for any considerable 
deviation of the transformer turns- 
ratio from unity, one or the other of 
these capacitances will become pre¬ 
ponderant. Turns-ratio and therefore 
voltage-ratio affect these Capaci¬ 
tances in such a way that for a step- 
up transformer, Ct may be neglected 
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FI 9 . 2 —Puls* ompUltor and circuit. L U translormcr iMkog* inductanc*. 

Aj it th* tourc* r*tittanct. Ai it tht load rttitlonct, Ci and Ca are primary and tec* 
ondory winding capocitoncet 


and for a step-down transformer, Cj 
may be neglected. The discussion 
here will be confined to the step-up 
case, although the step-down and the 
1 to 1 ratio cases are not markedly 
different. 

Fronf«edge Conditions 

When the front of the wave is im¬ 
pressed suddenly on the step-up 
transformer, Fig. 3, as by closing a 
switch, the initial voltage e and cur¬ 
rent entering from the battery are 
zero. The rate at which the voltage 
rises is given in Fig. 3. The final 

value E ^ indicates that the 

amplifier will be more efficient the 
smaller Ri is. In Fig. 8, Rx is consid¬ 
ered negligibly small. If the value 
E for the top of the pulse is multi- 

D 

plied by -- r- *-— the curves are rea- 
Ki -r Kt 

sonably accurate. Note that the ab¬ 
scissas are not time but percentage 
of the time constant of the trans¬ 
former. 

The rate of voltage rise is gov¬ 
erned by the leakage inductance L, 
the secondary capacitance C* and 
markedly by another factor, /c, which 
is the product of the decrement and 
the angular velocity of an oscillatory 
circuit, but which has the same form 
for a circuit which is not oscillatory. 
Other things remaining equal, the 
greater the transformer leakage in¬ 
ductance and distributed capacitance, 
the slower the rate of voltage rise. 
Rx and also are important since 
they affect factor k. Note that if a 
slight amount of oscillation can be 
tolerated, the wave rises much faster 
than if no oscillations are present. 
If the circuit is far removed from os¬ 
cillation, the rise is very slow. If the 


circuit is damped very little, the os¬ 
cillation may reach a maximum ini¬ 
tial value of two times the steady- 
state voltage E and often such marked 
peaks would be objectionable. The 
values for k given on the curve ap¬ 
pear to be those which fall within the 
most practicable range. 

Once the pulse top is reached, the 
value E is dependent upon the trans¬ 
former open-circuit inductance for 
its maintenance at this value. If the 
pulse stayed on indefinitely at the 
value E, it would require an infinite 
inductance to maintain it so, and of 
course this is not practical. There¬ 
fore, the top of such a pulse always 


has a tendency to droop. The equiva¬ 
lent circuit during this time is 
shown in Fig. 4. Since the rate 
of voltage change is relatively 
small during this period, Ci and C, 
disappear from the picture. Since the 
leakage inductance is usually small 
compared to the open-circuit induc¬ 
tance, it is neglected. When the cir¬ 
cuit (Fig. 4) is first closed, the e 
is assumed to be at the steady value 
E, which is strictly true only when 
Rx is negligibly small. Therefore, the 
curves for the top of the wave need 
to be corrected the same as those for 
the front of the wave, in that e 
should be multiplied by the ratio 
.Several curves are given, 
representing several types of pulse 
amplifiers ranging from a pentode 
where the source resistance is very 
high (ft is 1/10th of ft), to an am¬ 
plifier whose load resistance is in¬ 
finity or whose output power is zero. 
In the latter case, e need not be mul¬ 
tiplied by any ratio of resistances; 
its final value is the same as that of 
the battery. All the curves are ex¬ 
ponential, having a common point at 
0, 1. The abscissas are not time, but 
are the product of time and ratio 
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Fig. 4--Influence of transformer open-circuit Inductance on flat-top portion of pulse. 
The inductance in this case is in microhenrys 


Ry/L the time being: the duration of flat top pulse there is during this 
the pulse between points a and b in amount of time. 

Fig, 1. Obviously, the greater the in- At time instant b in Fig. 1, we will 
ductance L the less deviation from a assume that the battery circuit in 



Fig. 5—4Sllecl of iraBsfotmr eonelcmis on troUlag-odgo of pulso 


Fig. 4 is suddenly opened. The cir¬ 
cuit now becomes that of Fig. 5, in 
which L is the open circuit induc¬ 
tance. Secondary capacitance (C), is 
again present to an appreciable ex¬ 
tent It will be assumed that the cur¬ 
rent through L has not increased to 
an appreciable amount, and therefore 
the flat top wave was practically un¬ 
impaired at instant b ; but if this is 
true, it is the same as saying that 
there is no initial current in induc¬ 
tance L, so when the switch is open, 
Co supplies all the load current mo¬ 
mentarily. This is the basis upon 
which Fig. 6 is drawn. The time 
constant is now determined by the 
open-circuit inductance L and capac¬ 
ity C rather than by leakage induc¬ 
tance and capacity as was the case 
in Fig. 3. The constant k is again the 
product of decrement and angular 
velocity for the oscillatory case, but 
the decrement now has a different 
meaning. Lest it be assumed that 
the time constant is so great in this 
case that it precludes satisfactory 
performance, attention is drawn to 
the fact that higher open-circuit in¬ 
ductance L results in higher values 
of /f, and the curves with higher 
values of k drop much more rapidly 
than do the smaller values, but only 
with reference to the time constant, 
T. 

This does not mean that such a 
wave will drop more rapidly in 
time, but only with reference to 
the time constant which is de¬ 
termined by open-circuit induc¬ 
tance and capacitance. It does mean, 
however, that the slope of the trail¬ 
ing edge can be kept within tolerable 
limits, provided the transformer 
capacitance can be kept small 
enough. The accurate predetermina¬ 
tion of this capacitance is therefore 
of first importance. 

A Numerical Case—a SMc l-F 
Traetformer 

By means of the three sets of 
curves we can now construct the pulse 
shape delivered to load Rt. Suppose 
a transformer with the following 
measured constants be required to 
deliver a flat top pulse of 16 micro** 
seconds duration. 

Leaksfs iaductsooe L 
(ceooniiary chcrt-eirouitcd) «■ 1.39 X 
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Fig. 8—Circuit for dovoloping high voltogoi by interrupting a 
current through a reactor 
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Fig. 9 —Curvet of voltage rite ocrott o reactor 


Primary open-circuit 
inductance ~ 0.1 H 

Primary secondary turns 
ratio Np/Na « U 

Source Resistance Ri » 800 ohms 


Load'Resistance (Primary 
equivalent) « 5000 ohms 

Capacitance Ci (calculated) » 388 p/i^ 

From the expressions given in Fig. 
3, we find 


w * 2.38 X 10« 

7* * 1.7 microsecond 
k » 0.66 

The front of the wave will follow 
a curve between those marked k = 
0.4 and k = 0.8 in Fig. 3. The value 
E will be reached in 0.5T or 0.85 
microsecond, and a peak of about 10 
percent occurs in 1 microsecond. 

The top of the wave will slope down 
to a value determined by the product 
tRi/L = 0.12, and by a curve between 
those for = oc and = 2ft in 
Fig. 4. The value is evidently 0.91JE7. 

The trailing edge is given by Fig. 
5. Here 


m == 0,268 X lO** 

T « 39.1 X 10 "^ 
k * 1.6 

so that the load voltage reaches zero 
in 0.116r or 4.5 microseconds. There 
is a slight negative loop of 7 percent 
at 0.3r or 11.7 microseconds beyond 
the pulse edge b. 

The pulse delivered to load ft. as 
shown in Fig. 6 is a combination of 
these three curves. 

Probably the most common appli¬ 
cation of saw-tooth transformers is 
to provide a linear sweep to elements 
of a cathode-ray oscillograph. In such 
a circuit, the load on the transformer 
can be regarded as negligible. There¬ 
fore we will assume a linearly increas¬ 
ing voltage as shown in Fig. 7A to be 
applied to the circuit of Fig. 7B. 
Analysis shows that the voltage e 
across the inductance L has the same 
slope as the applied voltage times an 
exponential term determined by the 
resistance Rx of the amplifier, the 


open-circuit inductance of the trans¬ 
former, and the time between the be¬ 
ginning and the end of the linear 
sweep. Under the conditions assumed, 
the value of the exponential for any 
interval of time •'an be taken from 
the curve marked ft® = oo in Fig. 4. 
For example, suppose the sweep lasts 
for 500 microseconds, the tube plate 
resistance is 800 ohms, and the trans¬ 
former inductance is 10 henries. The 
value of the abscissa is 0.04, and 
since the slope of this exponential 
curve equals its ordinate, the slope of 
the voltage applied to the plates of 
the oscillograph will be, at the end 
of the time interval, 96 percent of 
the slope which it had at the begin¬ 
ning of the time interval. 

Let us assume that at the end of 
the time interval f. Fig. 7A, the tube 
is cut off. Then the sweep circuit 
transformer reverts to that of Fig. 
5, in which R includes only the losses 
of the transformer, which were neg- 
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lected in the analysis for linearity of 
sweep. That is, the voltage does not 
imm^iately disappear, but follows 
the curves of Fig. 5 very closely, the 
same as the trailing edge of the flat- 
top pulse. 

Vslta9e Rite la Reoetort 

Numerous circuits have been de¬ 
vised for the development of rela¬ 
tively high voltages by interrupting 
the current through a reactor. We 
will here discuss only one, namely, 
that of Fig. 8 which is typical. 

Battery E is supplying current 
through choke L to the tube, when 
suddenly a negative voltage — F, is 
applied to the grid of the tube. This 
interrupts the current through L, 
forcing it to discharge into its own 
capacity and loss resistance ft. There 
is this difference in the assumptions 
made for choke L compared to those 
that were made in previous analyses 
for the open-circuit inductance of 
transformers: the initial current 
through L is not negligible, but is the 
current drawn by the tube itself. We 
will assume that the series resistance 
of the choke is zero, so that the ini¬ 
tial voltage across C and ft is also 
zero. This analysis, therefore, ap¬ 
plies only where the choke is shunted 
only by a high resistance such as its 
own losses. The case where a voltage 
drop is produced has already been 
covered by the analysis for the trail¬ 
ing edge of a flat top pulse trans¬ 
former. 

The performance of this choke is 
shown in Fig. 9. The ordinates on the 
curve are the voltage rise divided by 
the IR drop consisting of the choke 
initial current and the loss resistance 
ft. The effect of high inductance is 
seen by the fact that for high values 
of k the voltage rise is quite steep 
and great. Low capacitance is also 
important to attain such steep vol¬ 
tage rises. Close obsfrvance will show 
that the choke voltage rises up to its 
peak value in about the same length 
of time that the voltage on the trail¬ 
ing edge of the transformer de¬ 
creased to its minimum value. There 
is this difference, however, that for 
small values of k the voltage ampli¬ 
tude is small. UsuaUy in the opera¬ 
tion of such chokes, only the rela¬ 
tively linear portion of the voltage 


rise curve is used. Figure 9 shows 
that with proper values of k it may 
be possible to utilize considerably 
more of such a pulse. For example, 
where k = 5 the pulse could be al¬ 
lowed to continue unchanged up to 
some value approximately 25 percent 
of the time constant T, instead of 
being cut off at much smaller values 
of T and voltage rise. This again re¬ 
quires low capacitance in the choke, 
but it has the advantage of requiring 
less subsequent amplification for the 
final pulse. 

Transformers and reactors de¬ 
signed in accordance with the prin¬ 
ciples here formulated are entirely 
practicable; they have been built 
with fairly small dimensions for 
pulses of 1 to 2700 microseconds dur¬ 
ation. 

Capacitances C. and must be 
evaluated in terms of voltage gradi¬ 
ents in the windings; i.e., C, and 
are not the ordinary measurable ca¬ 
pacity between primary and core, or 
secondary and core, or primary and 
secondary, but usually exceed these 
values if the transformer is step-up 
and are less than these values if the 
transformer is step-down. In any 
transformer, regardless of turns- 
ratio, voltage gradient must be con¬ 
sidered for proper evaluation. 

For example, in the transformer 
whose cross-section is shown in Fig. 
10 the primary and secondary are 
each wound in a single layer concen¬ 
trically, and will be assumed as 
wound in the same rotational direc¬ 
tion, and in the same traverse direc¬ 
tion (right to left). It will further 
be assumed that the right ends of 
both windings are connected to 
ground (or core) through large ca¬ 
pacitances, as shown dotted, so that 
the right ends are at substantially 
the same a-c potential. Capacitance 
C, is composed of many small incre¬ 
mental capacitances Ci> and C.. of 
many small incremental capacitances 
C, each of which has a different vol¬ 
tage across it. Likewise, there exist 
many small incremental capacitances 
C» between primary and secondary 
which have different potentials across 
them. If the transformer is step-up 

Cl - 1/3ZC, ud C. - 1/8 I^ZC. + 


If the transformer is step-down, 

c> - 1/3 [sc, + ze.] Md 

C. - 1/3 C.. 

If the ratio is 1:1, 

Cl - 1/3 [sftj and Ci - 1/3 [sC,.J 

For transformers with opposite 
angular rotations of primary and 
secondary windings, or with opposite 
traverse directions, (but not both), 

in the foregoing equations become 
^ Add 4/3SC. to C. and C, 

for 1:1 ratio: there is no other 
change. For transformers with both 
angular rotations and traverse di¬ 
rections opposite there is no change 
at all in these equations. If there is 
a shield between primary and sec¬ 
ondary, omit terms containing in 
these equations, and make SC, and 
XC, include the capacity of secondary 
and primary to shield, respectively. 
Note that SC, is the measurable ca¬ 
pacity of the short-circuited second¬ 
ary to ground (or core), and SC^ the 
measurable capacity of the short- 
circuited primary to ground (or 
core), 

For more interleaving of primary 
and secondary windings, more elab¬ 
orate evaluation of capacitance is 
necessary. This will be illustrated 
below by the description of an actual 
transformer (the pulse shape of 
which is given in Fig. 6.) 



Flf. 10—CfOM seetlMii el troaslermer with 
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Fig. 11—^Placamont oi primary and mc- 
ondary winding! 


As shown in Fig. 11 the primary 
is wound in two layers, interleaved 
between three, secondary layers. This 
interleaving is done to reduce leak¬ 
age inductance. The secondary wind¬ 
ing is wound in a 2-layer “bank” 
fashion, in each of the 3 layers above 
mentioned. This is done to reduce its 
own capacitance. The transformer 
is used to couple a type 2A3 tube to 
a pair of cathode-ray tube plates. The 
plates are an open circuit; hence Rl 
would be infinite, but the transformer 
has sufficient iron loss to give Rt a 
finite value. The measurable con¬ 
stants are: 

Np » 112 turns (56 per layer) 

N, *» 360 turns (120 per layer) 

R\ « 800 ohms 
Rt 5000 ohms 


The capacitance from secondary 
to core is 100 /Lt/if. The capacitance 
(average) between primary and sec¬ 
ondary layers is 46 /t/mf. Leads 1 and 
8 are at a-c ground potential. All 
windings are wound in same direc¬ 
tion of rotation, but the directions of 
traverse are: 


Secondary Section Primary Section 
1st 2nd 8rd lit 2nd 
L to Rt. Rt to L. L to Rt. L to Rt. Rt. to L 


Designate these winding sections, 
in the order above as, &, Si, S., P„ P.. 
The voltage gradients along these 


windings are as shown in Fig. 12 ex¬ 
cept that turns are used instead of 
volts. This is permissible since eje. 


In the space 
between 
Si and core 
Si and Pi 
Pi and St 
St and Pi 


Pt and Si 
Si and core 


Turn gradient is 
0 to N./Z 
0 to Ar./3 - AT p/2 
Ar,/3 - Arp/2 to 2N./3 
NJ3 - NJ2 to 2Ar./3 

-ATp 

2Ar./3-AT, to AT,-Arp/2 
2Ar./3 to AT. 


The transformer is so constructed 
that there is 10.3 /x^tf from & to core. 



Fig. 12—Voltoge gradients olong the 
windings In terms of turns 


The secondary-to-core capacitance is 
mostly Si to core. The primary effec¬ 
tive value of this capacitance is 
SCp/SATp* X (Ar#/3)*. Putting the 
C./8^/(iini“ ~ An#* •+• Thus 

numerical values of N, and AT, in this 
expression form the above table we 

the effective value when referred to 
the primary. For the inter-winding 


spaces we can use the equation C, == 
C..8Ar/(Ai* + Ati,* -f AtiiAni). Thus 
we get for 5i-Pi, Ani = 0 


Am- N./Z - Ar,/2- 120-56 
46X(64)« 


Ce * 


3 X (112)* 


64 turns. 
5.0 nfif 


for Pi^St, Ani 
Afii 

C. 


54 

Ar./3 - 240 

«ii»i ['“>■+“" 

+ 64 X 24oJ - 84 MHf 


for StrPtf Ani * 64 

An, - 2N,/3 -N - 240-112-128 

‘'■-fxW’ 

•f 64 X 128j - 35 

for Pt-Sif Anj « 128 

ATI* « AT. - Arp/2 -= 360-56 - 304 

-h 128 X 304 J « 178 /iMf 

2Ar./3 - 240 
N, * 360 

nrH)'[(»)■+»">■ 

+ 240 X 36oJ - 75 nMf 

Thus, because of the high voltage 
across it, the small &rCore capacity 
becomes appreciable. 

Since the secondary winding inter¬ 
venes between any primary winding 
section and the core, C* = 0. C» is the 
sum of all the layers C.'s plus C, of 
5»-core. It has already been referred 
to the primary side in the above cal¬ 
culations, and hence the multiplier 
(N.) V (Np) is unnecessary. 

Hence C7a ~ 76 38 *4“ 6 “f* 84 -t* 

35 -f 178 = 415 fxfif. Adding another 
25 fLfii for tube, load and incidental 
capacity, = 440 /i/xf. If it had been 
referred to the whole secondary wind¬ 
ing, this value would have been 

X («) = « 

The measured value of capacity 
from secondary to primary and core 
is 240 ju/if. (Contrast this value with 
42 /u/xf, and the importance of the 
above calculations becomes apparent. 


for 5rcore Atij « 
At»» ** 

C\ - 




708 


aeaRONics annual for radio engineers 


Square-Wave Response 

Nomograph correlates tilt of square wave after passage through uncompensated RC- 
coupled video or audio amplifier with low-frequency response of amplifier and time 

constant of coupling circuit 

By A. J. BARACKET 


W HEN USING rectangular or 
square waves for testing 
audio and video amplifiers, the out¬ 
put of the amplifier is compared 
with the input on an oscilloscope. 
The degree or percent of tilt of the 


top of the square wave represents 
the amplifier’s deterioration of the 
lower frequencies. 

In the uncompensated RC-coupled 
amplifier stage shown, the effect of 
the amplifier on low frequencies is 


t IN M SEC 
100,000 


50,000 ^ 


20,000 


IQPOO-^ 


5P00-J 


RC IN OHM-mI 
10 , 000,000 - 

spoopoo—f 


epoopoo' 
ipoo,ooo - 
500p00‘ 

zoopoo - 
loopoo- 

SOPOO" 

SQpOO' 


- 0.02 


I—0.05 
0.1 
0.2 

1— 0.5 
‘ I 
2 

5 
10 


tilt in % 
—' 

— 2 

— 3 

— 4 

— 6 

H-IO 


U-20 


almost completely a function of the 
value of the RC time constant in 
the grid coupling circuit. The 
smaller the time constant, the 
poorer the low-frequency response 
and consequently the greater the 
percent tilt S of a rectangular wave 
(referred to the peak plate voltage 
value E, as indicated on the wave¬ 
form diagram). 

The accompanying nomograph is 
useful in computing the RC value 
required to give a maximum speci¬ 
fied tilt S (expressed as a decimal 
part of E) for a rectangular wave 
having a duration or conversely 
it may be used to determine the tilt 
that will be obtained from a given 
time constant. The chart also gives 
the relationship between tilt and 
low-frequency cutoff of an amplifier 
coupling circuit (the frequency /t 
at which the amplitude—^frequency 
response characteristic is down 
8 db). 


iopoo~-3 


20 


H30 


Ixempl# of Use 


2P00 


1,000 



500-^ 




t«Ec 

t/ 


-l/RC 


l-S 



^»-*8irRC 



t 




The percent tilt of an uncompen¬ 
sated video amplifier stage is speci¬ 
fied as 2 percent maximum on a 
60-cycle square wave. What will be 
the required time constant of the 
coupling circuit and the correspond¬ 
ing low cutoff frequency? 

By means of a straightedge, con¬ 
nect the 2-percent point on the tilt 
scale with the 8,800-/(sec point (cor¬ 
responding to the half-cycle dura¬ 
tion of a 60-cyele square wave) on 
the t scale. The straightedge wiU 
cross the BC scale at approximately 
410,000 ohm-/if. The corresponding 
low cutoff frequency fi is found to 
be 0.4 cycle. 
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Multivibrator Circuits 

Baiitic types presented for convenient reference, with characteristics of each, waveforms' 
at different points, frequency-determining equations, and representative values of com¬ 
ponents. Three methods of injecting synchronizing signals are shown 

By NORMAN W. MATHER 



SYMMETRICAL MULTIVIBRATOR — Orid 
returns are made to the cathodei. Thie U 
a bcuic form ol the muitlTlbrator In which 
correipondlng circuit element! uied In con- 
iunction with the two tubei are Identical. 
The frequency depend! chiefly upon the 
time conetant ond in meet coee! thU con 
be eimpllfled to Ro^o ^th little error. For 
grid return! to the cathode! O! !hown, the 
frequency ie approximately 0.3/R but 
it depend! to a !maU extent on the 
tube choracterletic! and the lupply Tolt- 


age. Connecting the grid return! to the 
plate !upply lead reeult! In a higher fre¬ 
quency. approximately equal to 1/JI,|C,. 
Frequency rorlotlon eon be obtained by 
connecting the grid return! to on ad|u!ta- 
ble po!itiee Toltoge. The cunplllude of the 
generoted ware! l! proportlonol to the 
eupply eoltoge. ond Ie only eUghtty of- 
fected by change! In the grid return con¬ 
nection. At high frequenciee. distributed 
capocitance! reduce the ompUtude and 
make calculotion of frequency difficult 




■••••••••••••■•■■•••••••••••■•■•■•■■■••••••■••••••••••■I 



SQUARE-WAVE MULTIVIBBATOR — Addl- 
Hen of reeletoT! to the eymmetrical 
drcttlt reeult! In o plate-Toltoge wove- 
form which Is approximotely a equore 
wore. The frequency of oedllotlon Ie 
affected only sUghtly by the odditlon of 
these resistors 


CATHODE-CX3UPUBD MULTIVIBRATOR-- 
This drcult is pcvtienlorly odapted to syn- 
ehronlsotlon* end fhe output Toltage edn 
he used withont disturbiag the circuit oper- 
otien. As o free-running muitlTlbrator. the 
frequency tends to be erratic 



MULTIVIBRATOR WITH ELECTRON- 
COUPLED OUTPUT—The cathode ond first 
two grids of the pentode operate In the 
some manner os the second triode in o 
conTentlonal multiTibrator drcult. the 
screen grid toking the place of the plate. 
The output woToform of this circuit hos a 
large omplltude ond Is almost square. Due 
to the characteristic! of pentodes, the plate 
Toltoge hos little effect on the operation of 
the muitlTlbrator portion of the circuit and 
the frequency of oscUlotlon may be esti¬ 
mated In the same woy os for conTentlonol 


multiTibrators 

SCREEN GRID VOLTAGE 



MULTIVIBRATOR WITH CATHODE- 
COUPLED OUTPUT—This drcult Is useful 
because It has o low-Impedonce output ond 
a steep wore front on the output signal. 
The odditlon of Rg affects the free-running 
frequency only slightly. 



CATHODE-COUPLED ONE-8HOT MULTIVI¬ 
BRATOR— Circuit Tolues ore adjusted so 
that VTi Is cut off when VTi is conducting. 
The trigger signol Interrupts this sidble 
condition, but after the period I. the drcult 
outomotleally returns to the stable condi- 
tien. If the grid return of VTa Is m ad e to 
cothode Instead of to +180 Tbits, a some- 
whot longer period Is obtained. This dr¬ 
cult hos the adTontoge that the triggering 
drcult Is Isoloted from the multlTibrater 
drcult by VTi 














^FOft ANDf 


A8YMMETB1CAL MULTIVIBIIATOR—8am« 
cn • 7 iiiin«trlccd multtvlbrotor •xc»pt thot 
corrMpondiiig drnilt etomrats tispd in 
coniunetioB with th« two tubot «• dit- 
•imilor. Ono or both ol tho grid rotumt 
may bo mado to a potitivo ooltago. Tho 
tuboo mod may bo of difforont typoo. Tho 
Iroquoncy of oociUotlon can bo ostimotod 
by calculating a pooudo Iroquoncy for ooch 
tubo Ol though tho circuit woro oym- 
motricaL Tho approicimato Iroquoncy of 
tho osymmotricol multlTibrotor ii thon 
2Ut/{it ^ fa) whoro it and ij oro tho 
pooudo froquonciofl. Oscillation can bo ob< 
toinod with widoly difforont circuit com- 
pononts. giving consldoroblo dosign loowoy 



SUPPLY VOLTAGE IM VOLTS 


EFFECT OF SUPPLY VOLTAGE ON FRE¬ 
QUENCY OF TYPICAL SYMMETRICAL 
MULTIVIBRATOR—^A multlTibrotor is rolo- 
tiroly insonsitiTo to changos In tho supply 
Toltogo oxcopt whon tho supply voltago 
boMmos quits low. Tho ineroaso in fro- 
quoncy obtoinod by changing tho grid ro- 
tums from tho cathodos to tho plots supply 
lood is cloorly shown. Tho omount ol In- 
crooso con bo mods grootor by making 
tho cathodos 2 or 3 volts positivo 



ONE4SHOT MULTIVIBRATOR—Also collod 
ono-kick triggor circuit. Foodbock from 
VTi Is diroct couplod to VTi. Foodbock ond 
tho plots supply voltogo oro odlmtod so 
that VTi is cut oil whon VTt is conducting. 
This stoblo condition con bo intorruptod by 
o positivo triggor signol on tho grid ol VTi. 
Aftor o short poriod t tho circuit outomoti- 
colly roturm to tho stoblo condition. Somo- 
whot moro occuroto timing con bo obtoinod 
by making tho grid rotum ol VTa to +120 
volts imtood ol to tho cathodo. Tho poriod 
t is opproxInMitoly hall tho poriod ol o 
symmotricol multivibrotor haring circuit 
elomonts corrosponding to thoso mod with 
Vr» in this ono-shot multiribrotor circuit 


THREE METHODS OF INJECTING SYNCHRONIZING SIGNALS 


40^ opoo 



40P00 40,000 
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8 YNCM INPUT TO ONE GRI1>-This circuit 
tondo lo favor tho odd submultiploo of tho 
synehfOolMng froquoney whon o slno-wovo 
synchronlilBg olgBol Is uood. Whon pulsos 
oro niod« syachronSsotlen occurs moro 
roodlly with nogotivo pulsos 


8 YNCH INPUT TO BOTH QRIl>8-~Mothod 
of bdoetlng syn^ioaiilag si g nal on both 
gilds with tho somo phoso. This drcnlt 
tonds to favor ovon submulliplos of tho 
synchronising froqnonqr and slwnld not bo 
nsod whon froqu o ney rolie is ono to ono 


8 YNCH INPUT TO BOTH CATHOD 
Mbthod of iniocling tho synehronhdng 
nol so that It is out ol phoso on 
cathodos. This dreuit foods to favor 
sstbninltlplos of tho synehionising 
quoncy appUod through tho trwnciormor 
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Linear Sweep Circuits 

Eight methods of correcting nonlinearity in sawtooth sweep-generating circuits for 
cathode-ray tubes are presented and analyzed, with 60-cycle circuits as examples 


T he continuing refinement of 
cathode-ray equipment, particu¬ 
larly for television, has made neces¬ 
sary the generation of almost per¬ 
fectly linear sweeps. These are most 
easily obtained by the application 
of some form of linearity correction 
to the more or less exponential out¬ 
put of a conventional sweep circuit. 
Several of the more practicable and 
effective methods of correcting non¬ 
linearity have been selected for de¬ 
scription here, although there are 



METHOD 1—Th« slmplMt means ol at- 
talnlne linearity correction In a lined 
frequency sweep Is to bypass port ol 
the chorging resistor with a copadtor. 
This glees two ffC drcolts In coscode. 
which* II It were not lor the looding 
ellect ol the second upon the first* would 
result In o perfectly linear output when 
the two time-constants are equoL In 
proctice* lineorlty can be definitely im¬ 
proved, The best value ol Ct should be 
determined experlmentoUy. Input and 
output wovelorBU shown here apply to 
all methods covered 


By ROBERT P. OWEN 

many others that may be equally 
valuable in a particular application. 

The sawtooth waveform of both 
electrostatic and low-frequency 
electromagnetic sweeps is almost in¬ 
variably derived from the charging 
or discharging of a capacitance 
through a resistance. The resis¬ 
tance may be that of a simple fixed 
or variable resistor, or the plate re¬ 
sistance of a so-called constant-cur¬ 
rent pentode. In either case the rise 
or fall of voltage will be exponen¬ 


METHOD 2—This dreuit. sometimes 
known os a bootstrap circuit* hos been 
widely used. The sowtooth Is led bock 
through a cothode-loUower* which has 
a gain ol approdmotely one ond does 
not reverse the phase* to the top ol 
chorging resistor Hi. In this woy o con- 
stont voltoge is mointoiaed ocross Hi 
and o constant current into Ci. The 
Isolating resistor Ha moy be replaced 
by o diode* but this Is usually ol little 
advontage. As a cothode-lollower out¬ 
put is often required cdter o sweep 
geaerotor* use of this circuit does not 
necessarUy meon the indusloa ol an 
extra tube. The circuit is espedoUy 
suitable lor use with high-speed sweeps. 
Hi and Ct moy be vorled without af¬ 
fecting lineorlty. Almost perfect line¬ 
arity moy often be obtedned* although 
over-compensotloa is not possible ex¬ 
cept where coastemts ore such thot the 
comblaotioa ol Ha ond C. acts as in 
Method 1 


IME6 IMEG 



tial, for the plate current of an un¬ 
compensated constant-current tube 
is never absolutely independent of 
the plate voltage. In the case of a 
variable-frequency circuit the 
sweep range is determined by the 
size of charging capacitor, and a 
fine adjustment of frequency is pro¬ 
vided by variation of the charging 
resistor or of the grid or screen po¬ 
tential of a constant-current pen¬ 
tode. 

Discharge of the capacitor after 



method 3—^As la tho procodlag 
method* corroctlon Is oeeompllshod hors 
by foodlag bock without phoso rovorsol 
to tho top ol tho chargiag rosistor. Out¬ 
put Is liaoor whoa tho gcria ctrouad tho 
loodbock loop (from lower oad to upper 
oad ol Hi) is oao* oad ovor-compoasa- 
tioa wUl result os tho orm ol tho llao- 
ority odiustmoat potoatlomotor Is ad- 
vaacod toward tho plots el Vs. It 
should bo acted thot if a lood resistor 
equal to Hi Is added la tho plots dreult 
of Vs those two tubes caa luactloa os a 
bolooeod output amplifier. This method 
is oao of the best ovollablo for com- 
poasatiag low oad amdium-ftequoacy 
swoops, either fixed or voriable 
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it has charged (or recharge after it 
has discharged) is accomplished by 
means of a thyratron or, in more 
modern circuits, by an ordinary tri- 
ode, the grid of which is periodi¬ 
cally pulsed from cutoff to near zero 
bias. 

In the data given here the charg¬ 
ing resistor and capacitor will be 
designated Rx and Ci, respectively, 
and the discharge (or recharge) 
will be assumed taken care of by an 
externally controlled triode. All the 




METHOD T]i« output of olmoot cmy 
typo of swoop gOBorcrtof coa bo Im- 
provod by roplodag tho chorgliig ro- 
iistor with a ooustcint-curroBt pontodo, 
but this Is oosUy doao only whoro tho 



methods mentioned are applicable 
to single or driven sweeps as well as 
to continuous sweeps. The circuits 
are shown in their most elementary 
form, and approximate component 
values for a 60-cycle sweep are 
given. Many modifications of each 
are possible. Adaptation to the par¬ 
ticular sweep circuit in use will be 
necessary. 

Most of the circuits discussed 
here are in actual use, and are cov¬ 
ered by U. S. or British patents. 


Methods 4 and 7 were developed by 
the writer while a member of the 
staff of Allen B. DuMont Labora* 
tories, Inc. 

Rbferencbs 

(1) Pucklr. O. S., “Tteie BaBen'*. John 
Wllpy Sl Soiih, luc.. New York, 1948. 

(2) Clarke, A. C., Linearity Circuits, 
Wirelaa Engineer, June, 1944. (The 
nnalyalB of Method 6 in this reference ia in¬ 
correct, as It diiregards the fact that the 
signal fed back to the pentode cathode ap¬ 
pears between citthode and control grid.) 


METHOD 4—This dreult is o modifica¬ 
tion of Mothod 3 which Is useful under 
certain conditions. Althouoh slighUy 
more compUcoted. it has the advantage 
that the llneorlty-odtustlng potentiome¬ 
ter ia not the lood resistor of Vf Per¬ 
fect ttnearity wUl result when the ratio 
of El to Hi is equal to A—L where A Is 
the gain around the feedbock loop 


eopocitor discharges, rather than 
charges, through the resistor. A pen¬ 
tode having o high plate resistance 
should be used, ond the tube should be 
operated well out on the flot portion of 
the chorocterlstic. The screen potential 
must of course be held constant, os by 
o foirly heavy bleeder between the 
positive supply ond ground. Constoncy 
of plate current wiU be much improved 
by o large cothode rector, the effec¬ 
tive plote resistance being inereosed 
by a factor of 1—GmHs 


METHOD 6—The use of a constant-cur¬ 
rent tube may improve lineority though 
it wUl never moke possible o perfect 
sawtooth, but by the additional appli¬ 
cation of feedback even strong over- 
correction con be ottolned. This method 
utilises the cothode-foUower which often 
fellows such circuits to feed a small 
port of the output voltage back to the 
cothode of the coastont-ourrent pentode. 
The circuit is useful both for high-speed 
sweeps ond, because it Is direct-coupled, 
for those of extremely lew frequency 



METHOD 7—The preceding method con 
not eoslly be applied to some sweep 
circuits because of their use of cathode 
degeneration for frequency control, la 
this cose feedbock con be to the pen¬ 
tode screen, with equally good results. 
A variable resistor. H*. con be inserted 
in the plote circuit of the cothodedol- 
lower with little effect on the output, if 
it is smoll compored with the plate re¬ 
sistance of the tube. The screen supply 
bleeder H, and Hi moy be omitted cmd 
the screen connected directly to the 
plote of the cothode-follower Instead of 
through Ci if operating voltoges permit 


METHOD 8—^Voeuum tubes ore not 
linecnr devices, in thot their erfa chor- 
octeristlcs ore seldom strolght lines. 
With careful design, odvontage eon be 
token of this curvoture to counteract fan- 
perfections of the sowtooth. This Is 
done in mony mognetic sweep circuits, 
with o bios control on the output stage 
os the lineority odjustment. At present, 
ordinary tubes ore copoblo of giving 
definite improvement, fa the future, spe¬ 
cial types designed espedolly for this 
purpose moy be ovoilOble 
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Pulsed Rectifiers for Television Receivers 

Brief analysis of pulsed cascade rectifiers used in television receivers indicates that no 
component is subjected to potentials substantially higher than those encountered per 
section. In a doubler, this voltage is about half the output voltage from the rectifier 


T o OBTAIN HIGH VOLTAGES for 
cathode-ray tubes of television 
receivers, the pulse produced by 
flyback of the scanning generator 
is used to excite a step-up trans¬ 
former. Under ideal conditions 
with present television standards, 
the transformer will deliver a volt¬ 
age having a waveshape shown in 
Fig. lA. The high voltage so de¬ 
veloped is usually rectified by cas¬ 
caded diodes charging a series of 
capacitors connected as shown in 
Fig. IB. To determine ratings for 
circuit components, it is necessary 
to first examine circuit operation to 
ascertain their respective func¬ 
tions. 

For analysis, let us consider the 
simplest pulsed cascade rectifier, 
the doubler, a schematic diagram of 
which is shown in Fig. 1C. The 
time constant of the output circuit, 
ignoring C,, is To = Rl{C/2) == 
0.0175 sec or approximately 300 
times the duration of the trace. 
Therefore, except for regulation, 
operation of the circuit is unaf¬ 
fected by the load R,., 

During the trace the circuit can 


By I. G. MALOFF 

be represented as. in Fig. 2A and 
2B. The drop across R, (Fig. 2B) 
is the full battery voltage at the 
start of the trace. The time con¬ 
stant of the above circuit for /2, = 
10* ohms is Ri{C/2) = 250 micro¬ 
seconds, which means that in 60 
microseconds (trace duration) the 
battery will change the potential 
on the two capacitors by 20 percent 
of the battery voltage, or 70 volts 
per capacitor. At the end of the 
trace, therefore, the voltages in the 
active part of the circuit change to 
those shown in Fig. 2C. 

On retrace, a voltage of 7,000 
volts is suddenly applied in the re¬ 
verse direction by the transformer 
winding as at Fig. 3A. Rectifier A» 
starts conducting, in effect connect¬ 
ing Cl across the high-voltage trans¬ 
former secondary as at Fig. 3B. 
It also connects Ca across thereby 
isolating the two circuits. 

Rectifier A*, being between Ca and 
Ca, has 70 volts more on its plate 
than on its filament; therefore, it 
tends to equalize the charges on 
Cw and Cs while the full voltage of 
Ca is impressed across i?,. The time 


constant of this discharge circuit 
being /?,Ca = 500 microseconds (or 
approximately 80 times longer than 
the retrace), the loss of charge 
through the resistor is of the order 
of one percent. In other words, the 
circuit elements tend to come to the 
same potentials as those given for 
the beginning of the trace, because 
the transformer quickly brings the 
potential of Ci to the initial 7,000 
volts. 

The remarkable thing about a 
cascading pulse rectifier is that the 
circuit elements have to stand only 
a few volts more across their ter¬ 
minals than the d-c output voltage 
per stage as summarized in Table 
I. Output capacitors Ci and C# have 
on their terminals only the d-c out¬ 
put voltage per stage plus the rip¬ 
ple, which is of the order of one per¬ 
cent. Coupling capacitor C# has only 
the d-c output voltage per stage 
plus a small boost in voltage during 
trace; resistor R^ has 10 percent of 
the output voltage per stage on 
trace and about 101 per cent of it 
on retrace. The peak inverse volt¬ 
age on the rectifier tubes is only 10 



FIQ. 1—(A) Pulie delivered by televielon receiver eweep circuit to rectilier hae this idealised woveshape. (B) Pulsed car code 
sectiller consists ol sequence el diodes chorginq copocitors in cascade. (C) A typicol and simpie type of cascoda rectiiler consists 

of two sections with o load across the output 
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FIQ. 2—^During th« opgrating cfclo* Tolt- 
ogos oro rodlitrlbutod about tho loctUlor. 
To ■Implily onalymlng tho octlon oi tho 
pnliod circuit, tho laput traniformor to 
roplacod by a battory 


percent higher than the d-c output 
voltage per stage. (Of course, some 
components have to withstand the 
total output voltage between high 
terminal and ground.) 

The above analysis is very ele¬ 
mentary but is sufficient to explain 
the operation of the circuit, which 
may be summarized as follows: 
During trace, the coupling capaci¬ 
tors are charged through the re¬ 
sistors to a voltage slightly higher 
than the d-c voltage per stage; dur¬ 
ing retrace this excess voltage is 
transferred to the filter capacitors, 
except for the first stage which is 
directly charged by the trans¬ 
former. 


Lp 

Ax 

A, 

Cl C 2 Ci fix 

Hl 

-700 

-7,700 

-7,700 

Beginning of trace (/i) 

4-7,000 4-7,000 +7,000 -700 

+14,000 

0 

-6,9.^0 

-6,860 

Ending of trace (h) 

+6,930 <7,000 +7,070 -560 

+13,930 

4-7,000 

4-70 

-f70 

Beginning of retrace (f») 

+6,930 <7,000 +7,070 +7,070 

+13,930 

0 

-7,000 

-7,000 

Ending of retrace (/ 4 ) 

+7,000 +7,000 +7,000 0 

+ 14,000 


Polarities of capacitor voltages as shown in Fig. 1C; for others, pi>sitive is at top. 
Times are indicated in Fig. 1\. All voltages approximate. 


Table 1—Voltages Across Components During Operating Cycle 



FIG. 3—Tho diodos cct to tram- 
ior charge! from copocltor to 


Transient Video Analyzer 

Cathode-ray test set combining a five-signal transient generator with a wide-hand oscilloscope, 
used for checking accuracy of various types of steep waveforms reproduced by wide-hand 
amplifiers used in television and communications equipment 

By CLEMENT MORITZ 


If T present considerable work in 
Jr* the communications field is con¬ 
cerned with systems for the trans¬ 
mission of transient waveforms. Es¬ 
pecially in television are the require¬ 
ments severe as to the accuracy of 
reproduction of steep waveforms 
without overshoots or ringing. 

Testing and design of such equip¬ 
ment customarily involves laborious 
use of ordinary steady-state signal 
generators. Sometimes oscillators 


with continuously swept frequency 
are used, but in general such meth¬ 
ods have two disadvantages: (1) the 
shape of the transmission (gain)-v8- 
frequency characteristic is not singly 
related to the transient performance 
which Is the real objective; (2) the 
phase characteristic Is Ignored by 
such measurements, and even if it 
were known, the preceding objection 
would also apply to it* 

A step in the right direction is the 


use of square waves in conjunction 
with an oscilloscope having excellent 
transient response and a sweep of 
adequate speed.'* * Such systems give 
a fairly good direct indication of the 
quality of transient reproduction. 

The instrument described in this 
article is intended to carry forward 
the same idea. However, in addition 
to square waves of certain desirable 
frequencies, it provides a sharp im¬ 
pulse or spike function for checking 
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the high-frequency portion of a video 
system, and a sawtooth wave for 
checking linearity. The transient 
generator feeds a signal through the 
wideband system into an osciUoscope 
used as an indicator of quality of 
transient reproduction. The tran¬ 
sient generator and the oscilloscope 
have been incorporated for conven¬ 
ience into a single unit with asso¬ 
ciated components. 

Although an aperiodic transient 
would be quite sufficient for analysis, 
periodic transients become necessary 
for visual observation with an oscil¬ 
loscope. The transient period is con¬ 
trolled by a stable timing oscillator, 
also used for timing the horizontal 
sweep, as shown in Fig. 1. An initia¬ 
tion phase control is inserted into the 
link between the oscillator and the 
transient generator to control the 
timing of the transient teat signal 
with respect to the sweep, and so fa¬ 
cilitate the study of the system out¬ 
put. 

The transient output of the wide- 


(1) A 30-cycle square wave pri¬ 
marily used for low-frequency analy¬ 
sis. 

(2) A 5-kc sawtooth wave used as 
a signal for linearify checks. A 
stepped wave would serve the pur¬ 
pose no better and would only fur¬ 
ther complicate the completed instru¬ 
ment. 

(3) A 10-microsecond pulse keyed 
at the rate of 5,000 per second, for 
use in checking middle frequency re¬ 
sponse (10 to 1,000 kc). 

(4) A step function. 

(5) A spike function used to de¬ 
termine high-frequency performance. 
The high-frequency response limita¬ 
tion is primarily in the vertical-chan¬ 
nel amplifier of the oscilloscope. 

These waveforms appear on the 
cathode-ray oscilloscope when the 
output of the generator is connected 
directly to the input of the analyzer. 
However, in the instrument the 10- 
microsecond pulse and 1-microsecond 
sweep are both used twice; only four 


signals and four sweeps are gener¬ 
ated, but the circuit is arranged for 
switching from one type of operation 
to another, as shown in Fig. 2. 

All transient outputs are one volt 
peak-to-peak across 70 ohms except 
the spike, which can have any height 
(in this case about 9 volts peak-to- 
peak). The instrument was designed 
to operate into and out of coaxial 
lines matched to television equip¬ 
ment. 

This instrument makes use of two 
transient recurrence frequencies de¬ 
rived from two timing oscillators. 
Each recurrence-frequency channel 
has its own horizontal and vertical 
trigger generators for sweep and 
transient signal initiation. Although 
both vertical and horizontal trigger 
generators are similar to each other 
in each channel, separate trigger gen¬ 
erators are necessary to provide a 
signal trigger which can be advanced 
or delayed in time with respect to the 
horizontal sweep trigger. 



FIQ. 1—EiMBllol eonpoaMts ol troaslMt 


FIQ. 2—Block dicigroiii of comploto aaolyior. Wido-bond tyolom uador tost to coa- 
BOCtOd bOtWOOB output OBd iBpttt tOnBlBOls 
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A switch selecting the desired tran¬ 
sient signal also selects the correct 
timing and sweep circuits for proper 
analyzer operation. Circuits which 
are not necessary for operation auto¬ 
matically have their high voltages 
disconnected to decrease the drain on 
the power supplies. It is necessary 
only to connect the output of the an¬ 
alyzer to the system to be studied, 
connect the output of the system back 
into the input of the analyzer, and 
set the switch for the transient de¬ 
sired. 

The 30-cycle square wave is gen¬ 
erated by a multivibrator which must 
be supplied with both positive and 
negative triggers for one full cycle 
of operation. This type of square- 
wave generator was selected to as¬ 
sure perfectly flat-top square waves. 
The stage is fed by a negative supply 
so that the plate returns may be 


grounded, and the output is then 
taken from a tap on one of the plate 
load resistors, ensuring perfect fidel¬ 
ity and freedom from a-c coupling 
troubles which would be encountered 
in passing the low-speed square wave. 
The circuit appears in Fig. 3A. 

The trigger generators in the 30- 
cycle channel employ a double-triode 
for clippings with a differentiating 
network feeding into the grid cir¬ 
cuits of the multivibrator and sweep 
circuits. 

The sweep is a conventional gas- 
tube switch across a capacitor, with 
a constant-current pentode for charg¬ 
ing. This is necessary to give a lin¬ 
ear sweep of sufficient amplitude for 
deflection without amplification. 

The timing oscillator is of the 
phase-shift type. Output is fed into 
the delay tube circuit (Fig. 3B), 
which serves as a phase inverter. The 


delay tube provides, in its cathode 
circuit, a low-impedance driving 
source for the first horizontal clipper, 
and between plate and cathode a 
source from which phase may be 
shifted by a resistance-capacitance 
combination before the 30-cycle sine 
wave is fed into the first signal clip¬ 
per. The delay may be varied by 
varying the resistor in series with 
the capacitor. Almost 180 degrees of 
phase shift can be obtained in this 
manner, with an output having sub¬ 
stantially constant amplitude value. 

A double-triode bridge oscillator 
performs more stably at 5,000 cycles 
and is therefore used for the 5-kc 
channeL in preference to the phase- 
shift type. Output is fed into the 
first horizontal clipper and the verti¬ 
cal phase-controlling stage. 

This stage operates in the same 
fashion as the one in the 30-cycle 
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channel but different circuit con¬ 
stants are necessary at the higher 
frequency. The variable delay re¬ 
sistor is made up of two variable re¬ 
sistors in series, one to be used as a 
vernier. The other section of the 
double triode is merely for a fixed de¬ 
lay adjustment which puts zero delay 
in the middle of the range of delay 
available, and makes possible initiat¬ 
ing the signal transient ahead of the 
sweep when necessary. 

Both trigger generators employ 
four stages, as in Fig. 3C. The first 
two are triode clippers. A pentode is 
necessary in the third stage to pre¬ 
vent feed-through by the grid-plate 
capacitance, which is much too great 
in the case of a triode. The clipped 
wave in the plate circuit is differenti¬ 
ated, and the positive portions are 
used to drive another pentode as a 
trigger amplifier. The transformer 
in the plate circuit of the latter tube 
reverses the pulse polarity. 

By using this rather elaborate trig¬ 
ger generator, a 0.4-microaecond syn¬ 
chronizing pulse has been achieved 
with a steep front edge which pro¬ 
vides a good positive trigger for ini¬ 
tiating the succeeding circuits. 

Synchronizing accuracy (with 
time) is quite important in the 5-kc 
channel when the 1-microsecond 
sweep is being used. If the error is 
greater than 0.02 microsecond or 
0.01 percent, any vertical lines on the 
oscilloscope screen would be too wide 
and too dim to be useful. With the 
1-microsecond sweep, the c-r tube 
face is excited only 0.5 percent of the 
time. 

The linearity sawtooth is gener¬ 
ated conventionally, and taken out of 
a cathode follower to develop the re¬ 
quisite power without loading the 
sawtooth generator. 

The 10-microsecond pulse is gener¬ 
ated by a nonoscillating multivi¬ 
brator. Since the pulse is not perfect, 
it is shaped by two pentode clippers. 
Both conditions of amplitude of the 
pulse are determined by one of the 
tubes at cutoff to assure flatness. At 
first a triode cathode follower was 
tried for the second clipper but sat¬ 
isfactory results were not obtainable, 
because differentiation of the grid 
signal feeding through the grid- 



cathode capacitance of the tube into 
the cathode load resistor gave a very 
objectionable overshoot (shown in 
Fig. 3D). This trouble was elimin¬ 
ated by the use of a plate-loaded pen¬ 
tode stage. Such a stage gave a very 
good rate of rise (0.07 microsecond) 
but necessitated the use of a nega¬ 
tive supply. Thus this output became 
good enough to be used also as the 
step transient with the fast (1-micro- 
second) sweep. 

The spike pulse is generated by the 
discharge current of a capacitor pass¬ 
ing through a thyratron. This pulse 
should be as short as possible and of 
reasonable height. 

Spik« Puls* 

The sawtooth sweep for linearity is 
similar (except for circuit constants) 
to the one in the 30-cycle channel. Its 
base frequency is 2,500 cycles to pro¬ 
vide one full sawtooth at 5,000 cps. 

The fast sweeps are constructed by 
pulse integration. Two pulses are 
available: a 25-microsecond pulse 
from a nonoscillating multivibrator, 
and a 1-microsecond pulse from a 
delay-line thyratron-type pulse gen¬ 
erator. The pulse is fed into a pulse 
amplifier, after which it is integrated 
in the cathode circuit of a cathode 
follower. Constant current is sup¬ 


plied meanwhile by a pentode. At 1 
microsecond, the wiring capacitance 
into the horizontal deflecting plates is 
used as the capacitance for integra¬ 
tion ; at the slower (25-microsecond) 
sweep speed, it is necessary to add 
capacitance for use with the same 
charging current from the pentode 
current generator. It was necessary 
to use a 6AG7 for this pentode stage 
since with the existing circuit capaci¬ 
tances a large charging current was 
necessary for integration. 

Some of the negative pulse is 
taken from the pulse amplifier and 
used to cut off a pentode to provide a 
pulse for intensifying the cathode- 
ray tube beam during the usable por¬ 
tion of the fast sweeps. The intensi- 
fier does not operate when the linear 
sawtooth sweeps are being used. 

Hlgh-Freqnency Ofcllloteop# 

Since the oscilloscope must of ne¬ 
cessity have greater fidelity than the 
system which it tests, severe de¬ 
mands are made on the vertical am¬ 
plifier. The low-frequency cutoff is 
difficult to measure, but is theoreti¬ 
cally one cycle. The 80-cycle square 
wave is reproduced excellently. High- 
frequency response is down to 70 
percent at 15 megacycles. The maxi¬ 
mum available deflection on the cath- 
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ode-ray tube lace is four inches, but 
some linearity is lost. The maximum 
linear deflection is two inches. 

The ampllfler is made up of flve 
stages, all push-pull Gass A. Push- 
pull deflection was used to maintain 
sharp focus over the cathode-ray tube 
face. Most of the inversion is per¬ 
formed by the first two stages. The 
cathode bisector type of inverter has 
been effective and quite free of phase- 
shift trouble. The tubes in each stage 
must be reasonably well matched or 
one tube will tend to draw more than 
its share of current and bias its mate 
to cutoff. 

Simple shunt peaking was used 
since it yields the most linear phase 
characteristic at the high end of the 
pass band. Sufficient low-frequency 
response was realized by the proper 
selection of grid time constants, and 
compensation was also applied to the 
plate circuit of the first stage. 

The input to the amplifier is a 70- 
ohm carbon potentiometer used to 
terminate a coaxial transmission 
line. When desired, a high-imped¬ 
ance probe using a cathode follower 
with the potentiometer in its cathode 
circuit can be used for circuits hav¬ 
ing impedances higher than 70 ohms. 

Two types of probes have been 
built which have a high input imped¬ 
ance and can work into the 70-ohm 
analyzer input impedance. The first 
probe built used a plate-loaded 
tetrode connected as in Fig. 4A. 

The input of the 6Y6G can be 
switched either directly to a pair of 
input terminals or to a circuit probe 
of the compensated attenuator type, 
which must be used when freedom 
from stray fields is needed. The first 
portion of the attenuator is placed 
at one end of a piece of 70-ohm trans¬ 
mission line, the other portion being 
the line capacitance in shunt with a 
resistor. An auxilary capacitor 
serves as an adjustment for perfect 
performance over the pass band. The 
voltage gain through this probe is 
only about 1/80, however, which is a 
decided handicap where low peak 
signal voltages (of the order of one 
volt) are encountered. 

In the cathode-follower type probe 
shown in Fig. 4B, developed for low- 


voltage applications, the triode sec¬ 
tions of a 6J6 have been paralleled 
and built into a small bakelite tube 
with an input coupling network. The 
unit feeds a piece of 70-ohm trans¬ 
mission line to which are laced the 
filament and anode voltage leads go¬ 
ing to the analyzer. 

Probes have also been built with 
compensated attenuators ahead of 
the 6J6, for use with higher signal 
voltages. 


Because of the heavy load currents 
and the polarities required, five indi¬ 
vidual regulated power supplies are 
used. For the four low-voltage sup¬ 
plies the lowest possible terminal im¬ 
pedance must be realized to eliminate 
phase-shift trouble in the vertical 
amplifier and other low-frequency 
circuits, and therefore cathode-fol¬ 
lower type series regulators like that 
in Fig. 6A have been used. The num¬ 
ber of control tubes in parallel is dic- 


CompUt* schcmotic circuit diogrom oi transiuni Tlduo onalvigr, with th« gxcgp' 
tion oi the ilTO power pack circuits which ore oi the types shown in Fig. $ 
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tated by the load current required. 

The high-voltage supply for the 
cathode-ray tube was regulated pri¬ 
marily for freedom from line-voltage 
trouble, which caused a variation in 
deflection sensitivity. The simple 
shunt regulator circuit in Fig. 5B 
was used, since low supply impedance 
was not necessary. The special high- 
voltage triode has an amplification 


factor of 500 and will pass 2 ma at 
10 kv with 5 volts bias. 

Much appreciation must be ex¬ 
pressed for the encouragement and 
help given by William E. Bradley and 
C. T. McCoy, under whose direction 
the instrument was developed, to 
F. M. Bowdon who worked on the 
power supplies and probes, and to 
Daniel Naidamast and T. Schachat 


who developed engineering samples. 
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Test Oscilloscope for Television 

A modijfied standard oscilloscope is used to measure television transmitter modulation. 
Either the radio frequency or a video signal can be used for synchronization. Design and 
installation of additional circuit elements is discussed 


By A.^H. BROLLY and W. R. BROCK 


T here has been a definite need 
for some simple means of 
checking the modulation of televi¬ 
sion transmitters quickly and with 
reasonable accuracy. No commer¬ 
cial equipment suitable for opera¬ 
tion at the high carrier frequencies 
involved has thus far become 
available. 

It is possible to modify a com¬ 
mercial oscilloscope so that the 
technique of employing a trape¬ 
zoidal pattern to measure modula¬ 
tion, used in sound broadcasting, 
may be adapted to television. The 
equipment provides a convenient 


means of determining the percent 
of carrier amplitude devoted to 
synchronizing pulses and hence 
compliance with the standard. 

The modification necessary con¬ 
sists of providing a linear horizon¬ 
tal sweep at half the line or frame 
scanning frequency and of adapting 
the input circuits to the television 
carrier frequencies. The modified 
circuit of such an instrument is 
shown in Fig. 1. 

Use of the type 6JP1 cathode-ray 
tube is advantageous since the de¬ 
flection plate leads terminate on the 
bulb. This feature minimizes 


capacitance coupling between hori¬ 
zontal and vertical plates, and 
simplifies the r-f circuit. It is desir¬ 
able to shield the tube electro¬ 
statically by wrapping it in a sheet 
of copper foil- 

Provide an aluminum or brass 
case for the whole instrument. In 
addition to shielding it is wise to 
isolate the leads from the horizon¬ 
tal sweep amplifier by some resis¬ 
tance to prevent any possibility of 
resonance in these lines. For this 
purpose 1,000 ohms was found 
satisfactory. 

Filament, anode and bias supply 



FIG. 1—QrottU modmicotlQU. thowa la iMcrry liaat, odcqpt atoadoid as ci Uaaoapa far oparattoa at lalavislea eorrlar fiaqaaaelas 
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circuits are those commonly em¬ 
ployed in most oscilloscopes, with 
the exception that the high voltage 
supply should have a positive 
ground. This feature is important 
since it permits grounding the 
center tap of the tuned circuit and 
the use of low voltage r-f bypass 
capacitors on the horizontal deflec¬ 
tion plates. The plate supply of the 
critical stages of the sweep ampli¬ 
fier is regulated and the horizontal 
sweep oscillator and amplifier are 
similar to those of conventional 
oscilloscopes with the exception of 
the synchronizing circuit and 
sweep-speed control. 

The most critical consideration 
when using very high frequencies 
for vertical deflection is the 
tendency of these voltages to stray 
over to the horizontal deflection 
plates, causing a curvature of the 
parts of the pattern that should be 
vertical. The resulting image dis¬ 
tortion can be prevented by sym¬ 
metrical voltage distribution in the 
r-f circuit and effective r-f bypass¬ 
ing of the horizontal deflection 
plate leads. Capacitor^ must be se¬ 
lected that will have a low re¬ 
actance at carrier frequency but 
a high reactance through the 
tenth harmonic of the horizontal 
sweep frequency. A 250 micro¬ 
microfarad capacitor has a re¬ 
actance of 10.7 ohms at 60 mega¬ 
cycles and 8,100 ohms at 7,876 X 10 
cycles and gives good results. The 
frequency 7,876 is one half the 
16,760 cycles required for horizon¬ 
tal scan in 626-line television. 
This sweep frequency permits pat¬ 
terns of two scan lines to be shown 
on the screen. 

The vertical deflection plates are 
driven by a tuned circuit that pro¬ 
vides enough voltage at resonance 
to produce adequate deflection with 
small power input. In the lower 
group of television channels, up to 
88 megacycles, a split-stator capaci¬ 
tor of 20 to 30 micromicrofarads 
per section is used for tuning. It 
is not necessary to load the circuits 
to pass the wide sideband since the 
highest frequency components in 
the extremes of the sideband are 
not necessary for ordinary meas¬ 
urements. 


The center of the coil feeding 
the vertical deflection plates must 
be grounded to provide the required 
d-c potential on these plates. The 
rotor of the tuning capacitor may 
also be grounded. This common 
ground must be connected to the 
shield on the cathode-ray tube by 
a strap, ribbon, or wire of large 
area and as short as is feasible. 
Such an arrangement assures sym¬ 
metry of voltage on the vertical de¬ 
flection plates and reduces coupling 
to the horizontal plates. 

A coil suitable for the lower 
group of television frequencies can 
be wound with no. 12 wire on a V- 
inch form. An 8-turn coil of this 
diameter has been found suitable 
for the 60- to 66-megacycle chan¬ 
nel. One or two turns more or less 
will be required for other channels 
of the group. 

R-P Pickup 

To secure a balanced feed, a dual 
coaxial line is desirable. The line 
should be flexible so that it can be 
run through conduits or wire ducts 
with ease and its losses are low 
enough so that almost any reason¬ 
able length can be used. 

Coupling coils at the input and 
output of the feed line are con¬ 
nected to the inner conductors and 
not to the outer sheath. The feed 
line input coil is a 3-inch, one-turn 
loop inserted part way into an 
opening in the outer conductor of 
the transmitting antenna coaxial 
line just outside the transmitter 
cabinet. Where the coaxial line 
enters the oscilloscope cabinet the 
outer sheath must be grounded to 
the metal cabinet. The cable term¬ 
inates in a two-turn coil of 3-inch 
diameter and is loosely coupled to 
the tuned circuit of the oscilloscope. 

Since such a loop cannot be ex¬ 
pected to provide an entirely non¬ 
reflecting termination there will be 
some standing waves in the line, 
and some degree of unbalance in 
spite of precautions. Coupling be¬ 
tween loop and tuning coil is ad¬ 
justed by trial, inserting the loop 
a small distance between the turns 
of the coil; the most effective point 
may be found one or two turns 
above or below center. 


Because of the standing waves 
in the line it is possible for the 
loop initially to be at a low-current 
point in the standing-wave pattern, 
in which ease the line can be short¬ 
ened somewhat. 

Synchronizing voltage for the 
horizontal sweep may be taken 
from a video line if available or, if 
more convenient, it may be taken 
from the r-f signal (Fig. 1). The 
detector circuit shown is suitable 
for either method. 

A small pickup coil of two turns 
is loosely coupled to the lower end 
of the tuned circuit and applies 
about a volt to the cathode of the 
6H6 tube. This tube is located 
directly below the pickup coil so 
that the leads are kept short. Peaks 
of the r-f signal corresponding to 
the sychronizing pulses are recti¬ 
fied, biasing the cathode of the di¬ 
ode positively so that only synchro¬ 
nizing pulses appear in the plate 
circuit. 

The diode performs the two func¬ 
tions of rectifying r-f and clipping 
off picture components. Negative 
Impulses appear across the plate 
load resistor. If video signals are 
used for synchronizing, they may 
be applied to the diode that will 
serve in the same way to separate 
synchronizing pulses from the pic¬ 
ture. If the pulses are negative 
with respect to ground, the signal 
is applied to the cathode of the 6H6 
tube in the same manner as the r-f 
signal. If the pulses are positive, 
they are applied to the plate of the 
diode through a network consisting 
of a 0.05 microfarad capacitor and 
a one megohm resistor. The out¬ 
put is then taken from the cathode 
across a 25,000-ohm load resistor. 
In this case the output pulse is 



FIQ. 2—Integroted vertical lynchronixing 
pulie led to tho typo 8S4 tub# 
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FIG. 3—^Horlioatol tyBchroiiiiiBg puls# 
tokan from £e through the H position of 
•oloctor switch 


positive. This difference of polar* 
ity does not adversely affect syn¬ 
chronism of the sweep for reasons 
that will be pointed out later. 

The output pulses from the detec¬ 
tor are amplified by the two-stage 
amplifier utilizing a type 6N7 tube 
that operates without external bias 
since the plate current is suffi¬ 
ciently limited by the 10,000-ohm 
plate resistors. As long as there 
is a substantial signal applied to 
this amplifier, grid rectification 
provides bias .for the tube. The 
time constants of the grid resistor 
and coupling-capacitor networks 
are large enough to permit amplifi¬ 
cation of the 60-cycle field scanning 
impulses. 

Impulses passing through the 
amplifier will usually be of both line 
and field frequencies. It is the 
function of the two networks in the 
plate circuit of the left section of 
the 6N7 tube to separate the two 


frequencies so that either can be 
applied to the horizontal sweep os¬ 
cillator of the scope. The network 
consisting of two 8,250 ohm resis¬ 
tors and 0.005 microfarad capaci¬ 
tors, separates by integration the 
vertical pulse from the composite 
of both pulses. After separation 
the pulse is partially differentiated 
by the 3,500 micromicrofarad 
coupling capacitor and the 884 tube 
grid resistor producing both a pos¬ 
itive and negative pip as shown in 
Fig. 2 Therefore, the polarity of 
the pulse from the 6N7 amplifier is 
unimportant since the 884 tube will 
always receive a positive impulse on 
which it synchronizes best. 

The horizontal pulses are sepa¬ 
rated from the vertical by differen¬ 
tiation in L^. Again a positive and 
negative swing is produced, as 
shown in Fig. 3, to synchronize the 
884 tube. 

Switching circuits are provided 
to select synchronizing voltage 
from either the vertical or horizon¬ 
tal separator output or from the 
60-cycle line. 

Appropriate RC networks can be 
switched into the plate circuit of 
the 884 tube to generate suitable 
sawtooth waves at 30 and 7,875 
cycles for sweep speeds to show 
either frame or line patterns. Pro¬ 
vision is made for external deflec¬ 
tion for special cases. A poten¬ 
tiometer in the plate circuit of the 
884 tube permits continuous ad¬ 
justment of sweep frequency over 



FIG. 4—On* irome of a typfeal tolovialoa 
•igaal oi toon on tho tcroon of tho aodl- 
llod tost otdlloseopo 


a range from 3 or 4 lines or frames 
to one line or frame. The saw¬ 
tooth output of the sweep oscillator 
is amplified by a 6F8G and two 
6V6 tubes in a conventional circuit 
before being applied to the horizon¬ 
tal deflecting plates. A back-trace 
blanking impulse is fed to the 
cathode ray tube from the cathode 
circuit of the 6F8 tube. 

A typical pattern of two frame 
periods of a television signal as it 
appears on the oscilloscope screen 
is shown in Fig. 4 The synchroniz¬ 
ing pulse envelope may be seen at 
the vertical extremities of the pat¬ 
tern. Between these the horizontal 
line indicates the peaks of the line 
impulses. 

At the base of the synchronizing 
impulses, the bright line indicates 
the blanking pulse shoulders or 
black level. The whole central por¬ 
tion of the pattern is taken up with 
picture components. 


Television Synchronizing Signal Generator 

Horizontal and vertical driving pulses, the composite blanking signal and the composite 
synchronizing signal, all within FCC and RMA specifications, are produced. Linearity 
test signals can be mixed with blanking for testing picture monitors and receivers; 
simultaneous cathode-ray monitoring of all frequencies is provided 


T he instrument to be described 
provides the means for insur¬ 
ing s 3 mchronism between the scan¬ 
ning of a picture at the receiver 
and the scanning of a subject at 
the transmitter. Features are pro- 


By A. J. BARABKET 

vided that are not usually found in 
a synchronizing generator which 
are specific aids in television station 
operation and maintenance. 

The generator meets the RMA 
recommendations for the standard 


signal, that is, the horizontal and 
vertical driving pulses, the com¬ 
posite blanking signal and the com¬ 
posite synchronizing signal 
Linearity test signals are pro¬ 
vided at 900 cycles and at 167.6 ke 
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mixed with blanking by means of a 
switch for use in testing scanning 
linearity of picture monitors and 
television receivers. These produce 
15 horizontal bars and 10 vertical 
bars on a raster permitting a rapid 
check of sweep linearity. In addi¬ 
tion, the 157.6-kc test signal serves 
as an accurate 10 percent H (6.35 
{Asec), electronic marker for use 
with an ordinary oscillograph in the 
precise setting of pulse widths and 
front porch. 

The leading edges of the equaliz¬ 
ing pulses are also the leading edges 
of horizontal and vertical synchron¬ 
izing pulses, thus insuring perfect 
interlacing. 

Two 3-inch cathode-ray tubes 
permit simultaneous monitoring 
(without switching) of all fre¬ 
quencies in the synchronizing gen¬ 
erator. Thus, frequency counts may 
be checked or adjusted without the 
use of an external oscilloscope. 

A crystal oscillator at 157.5 kc or 
a highly stable self-excited oscil¬ 
lator at 167.5 kc may be selected by 
a switch for the master oscillator. 
The self-excited oscillator is used in 
synchronizing the generator, by 
means of the provided lock-in cir¬ 
cuit to the 60-cycle power line or to 
a remotely generated synchronizing 
signal. 

Negative feedback is used in 
many of the circuits to minimize 
the effect of changes in tube char¬ 
acteristics and variations between 
tubes. A double-regulated supply is 
used having an internal impedance 
of less than 0.15 ohm. 

Circuit Breokdewn 

The generator consists of the fol¬ 
lowing units: 

1. Timing generator 

2. Blanking-driving unit 

3. Sync shaping unit 

4. Regulated low-voltage supply 

6. High voltage supply for the 

cathode-ray monitors 

6. Power control panel containing 
switches and fuses. 

Figure 1 is a block diagram show¬ 
ing the interrelation of the units in 
the development of the standard 
signals. Accurately timed signals at 
157.5 kc, 81,600 cycles, 16,750 cycles, 
900 cycles and 60 cycles are de¬ 


veloped in the timing generator for 
use in the other units. 

The blanking unit utilizes the 60- 
cycle signal and the 15,760-cycle 
signal in the development of verti¬ 
cal driving and horizontal driving 
pulses and in the development of the 
composite blanking signal. It also 
uses the 157.5-kc signal and the 900- 
cycle pulses in the development of 
the composite linearity test signal 
which becomes available mixed with 
blanking. 

The sync shaping unit utilizes the 
31,600-cycle pulses and the 16,760- 
cycle pulses with suitable delays 
(for accurate synthesis of the hori¬ 
zontal and vertical sync pulses) in 
a specially designed delay line con¬ 
tained in the blanking-driving unit 
for the formation of the high-fre¬ 
quency components of the composite 
synchronizing signal. The 60-cycle 
pulse from the timing generator is 
used undelayed in the development 
of the low-frequency component of 
the composite synchronizing signal. 

To meet the severe requirements 
of the RMA-recommended syn¬ 
chronizing signal generator signals, 
there must be precise time relation¬ 
ship among the pulses developed by 
the timing generator. This may be 
obtained by starting at a high fre¬ 
quency and by suitable frequency 
division deriving the lower fre¬ 
quency pulses. An alternate method 


is to begin with the lowest fre¬ 
quency and obtain the higher 
frequency signals by suitable fre¬ 
quency multiplication. In the tim¬ 
ing generator shown in Fig. 2, the 
former method is used because it 
may be effected by simpler circuits. 

In the circuit diagram of Fig. 2, 
the two basic oscillators are the 
6AC7 crystal oscillator and the 7F8 
master oscillator, both operating at 
157.6 kc. The 6SN7 blocking oscil¬ 
lator frequency dividers are used to 
derive the lower frequencies re¬ 
quired. The first division is by 6 
to 31.5 kc, the equalizing pulse fre¬ 
quency. From 31.6 kc there is one 
division by two to 15,750 cycles, the 
horizontal rate, and another divi¬ 
sion by seven to 4^600 cycles. The 
frequency of 4,500 cycles is divided 
by five to 900 cycles, one of the 
linearity test signal frequencies. 

Division of 900 cycles is done by 
five to 180 cycles which is in turn 
divided by three to 60 cycles, the 
field repetition rate. Sawtooth wave 
forms at 60 cycles and at 900 cycles 
are fed respectively to the deflecting 
plates of the low-frequency and the 
high-frequency cathode-ray moni¬ 
tors, to serve as time bases for the 
presentation of the count-down fre¬ 
quencies on the monitor screens. 

Figure 3 shows the presentation 
on the screens of the cathode-ray 
tubes. The left-hand screen is that 
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of the high-frequency monitor 
whose horizontal time base is 900 
cycles. The dots represent the 
master oscillator or crystal oscil¬ 
lator frequency 157.5 kc. There are 
five dots along each line or step in 
the vertical “ladder” indicating a 
division from 157.5 kc to 31,500 
cycles. 

The bright dots on the high-fre¬ 
quency monitor. correspond to the 
15,750-cycle horizontal repetition 
rate. There are seven steps in each 
of the ladders, indicating a fre¬ 
quency division from 31,500 cycles 
to 4,500 cycles; in other words each 
ladder represents 4,500 cycles. The 
presence of^ five ladders for each 
cycle of the time base points to a 
frequency division from 4,500 cycles 
to the time base frequency of 900 
cycles. 

On the right-hand or low-fre¬ 
quency monitor, the ladder steps 
represent 900 cycles. Since there 
are five of them to each ladder, the 
indication is frequency division 
from 900 cycles to 180 cycles. The 
three ladders per cycle of the time 


base indicate a frequency division 
from 180 cycles to 60 cycles. 

The blanked out section in the 
middle of the low-frequency scan 
being derived from the power line 
further confirms the time base of 60 
cycles and indicates synchronism 
with the line. When the generator 
is not locked to the 60-cycle power 


line, the blanked out section moves 
across the time base. This presen¬ 
tation has been found highly useful 
in the analysis at a glance of syn¬ 
chronizing generator failures due 
to improper timing. 

The type of blocking oscillator 
frequency divider circuit used is the 
cathode - tuned - circuit - stabilized 



FIG. 3—^PrMBnlattQH of count^down froquondoi on eolliodo>rar mooltors 
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type, Fig. 4. Firing of the blocking 
oscillator results in a surge of cur¬ 
rent through the cathode circuit 
which is normally tuned to a fre¬ 
quency half that of the trigger repe¬ 
tition rate. This results in a ring¬ 
ing of the tuned circuit due to its Q. 
The cathode voltage wave form is 
that of a damped sine wave lasting 
for 2i cycles (for a 6 to 1 count 
down) before the blocking oscillator 
fires again. The grid to ground and 
the grid to cathode voltage wave¬ 
forms are shown in the diagram of 
Fig. 4. As indicated, discrimina¬ 
tion is very good against all trigger 
pulses other than the one producing 
proper count down. 

In the design of the timing cir¬ 
cuits, extreme care was taken to 
minimize any possibility of fre¬ 
quency modulation of the timing 
pulses. Considerable attention was 
paid to the chassis layout especially 
with respect to keeping high level 
pulse points away from the afc cir¬ 
cuit. The blocking oscillator grids 
are returned to -h 250 volts giving 
a steep capacitor voltage discharge 
waveform and consequently improv¬ 
ing freedom from jitter. 

The source of B voltage is a 
double-regulated power supply with 
an output impedance of less than 
0.15 ohm. This eliminates the pos¬ 
sibility of extraneous signals modu¬ 
lating the blocking oscillator grid 
base, a common source of frequency 
modulation. 

The 167.6-kc and 900-cycle out¬ 
puts of the timing generator are fed 
directly to the blanking unit for use 
in the production of a linearity 
test signal mixed with blanking. 
The 60-cycle pulse output of the tim¬ 
ing generator is routed to the blank¬ 
ing-driving unit and the sync shap¬ 
ing unit for use in the generation 
of RMA driving pulses, and the low- 
frequency components of RMA 
blanking and sync pulses. 

To conform to the strict require¬ 
ments of the RMA recommended 
synchronizing signal, it is good de¬ 
sign practice to use the same signal 
for the formation of the leading 
edges of all of the pulses which 
make up the synchronizing signal. 
In the synchronising signal genera¬ 


tor under discussion, the leading 
edges of the equalizing pulses are 
used to form the leading edges of 
the horizontal and the vertical syn¬ 
chronizing pulses. This is done by 
adding a horizontal component and 
a vertical component, both of which 
have been delayed a precise time by 
a lumped LC delay line in the blank¬ 
ing unit, to the equalizing pulses 
and clipping the result as indicated 
in Fig. 6. 

Two separate delay lines are used, 
one for the 31,500-cycle signal and 
the other for the 15,760-cycle 
signal. Each line consists of 70 
% sections with a total delay of 10 
percent of the horizontal period 
or approximately 6.3 microseconds. 
Provisions are made for tapping 
connections in any one of the sec¬ 
tions in both lines. This permits 
very accurate shaping of the sync 
pulses as well as very precise set¬ 
ting of the front porch. Multivi¬ 
brator stability is in part a function 
of the trigger pulse rise time. To 
maintain as short a rise time as 
practical in the delayed 15,750 and 
31,600-cycle trigger pulses, the de¬ 
lay line is designed for a frequency 
band of over three megacycles. Fig¬ 
ure 6 shows the schematic of a 
single section of the delay line. 

Eqiioliiing Pultet 

The equalizing pulses shown as 
G in Fig. 6 are generated directly 
by multivibrator in the sync 


shaping unit, block diagram of 
Fig. 5. They are amplified and 
limited by V„ and mixed with the 

other synchronizing signal com¬ 
ponents in the plate circuits of 
F, and F,. 

HoriaonHil Pulaet 

Figure 5 is a timing diagram in¬ 
dicating the synthesis of the com- 
.posite synchronizing signal from its 
various components. The horizontal 
pulses are formed by adding de¬ 
layed 15.750-cycle pulses to the 
equalizing pulses, amplifying, limit¬ 
ing and keying-out undesired 81,- 
500-cycle pulses. The result before 
final clipping is shown at U of 
Fig. 5. 

Tube Fi in Fig. 5 is the hori¬ 
zontal pulse multivibrator whose 
output (0 in Fig. 5) is permitted to 
clear through F. only during the 
horizontal pulse interval. 

The 15,750 cycle pulses (0 in Fig. 
5) are then amplified and limited in 
F« and mixed in the common plate 
circuit of F„ and F. with the verti¬ 
cal and equalizing pulse components 
of the composite synchronizing 
signal. 

The first and last sections of V 
in Fig. 5 show the horizontal com¬ 
ponent of the mixed signal at F,. 
The raised portion of this compo¬ 
nent indicates the overlap between 
the equalizing pulse and the delayed 
horizontal pulse. This is later 
clipped off in limiters F» and F«, as 



FIG* 4—Cothode'itobiUitd blocking ooclUoior iroquoncy dlTidor 
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shown in the first and last sections 
of V in Fig. 5. 

The keying out of the horizontal 
pulses during the equalizing pulse 
interval is accomplished by the 
gating of keyer tube 7, by pulse P 
in Fig. 5 derived from the equaliz¬ 
ing pulse interval multivibrator V* 
through amplifier V*. The elimina¬ 
tion of unwanted equalizing pulses 
is obtained by first pushing them 
down into a region lower than that 
of the desired horizontal pulses by 
means of 15J50«cycle pulses shown 
as T in Fig. 5 and later removing 
them by clipping. Waveform T is 
derived from the alternate equaliz¬ 
ing pulse keying multivibrator 
through keying tube and ampli¬ 
fier-limiter F,. The pushed down 
equalizing pulse is shown in the 
first and last sections of U in Fig. 5. 

The elimination of alternate equal¬ 
izing pulses must not take place 
during the equalizing pulse interval. 
For this reason keying tube Ft by 
means of the equalizing interval 
pulse P permits the alternate equal¬ 
izing pulse keying signal S to be 
applied only during the horizontal 
pulse interval. The output of Ft 
is T in Fig. 5. The duration of the 


horizontal pulses in the output 
signal F is 8 percent of H (-fO 
— 1 percent). 

Vertical Fultet 

The vertical pulses in the com¬ 
posite synchronizing signal con¬ 
sists of a group of six at a 31,500- 
cycle rate. The group repeats itself 
once each scanning field, see center 
section of F in Fig. 5. The dura¬ 
tion of each pulse is 43 percent of 
H where H is the line period and 
the group must appear during the 
vertical blanking interval between 
the first and second group of six 
equalizing pulses. 

The timing of the vertical pulse 
interval is determined by the trail¬ 
ing edge of a pulse, J in Fig. 5, 
three lines wide from the 60-cycle 
vertical pulse centering multivibra¬ 
tor Fa. The-vertical pulses are gen¬ 
erated at a 31,500-cycle rate in the 
vertical pulse multivibrator Fa. 
These are shown at / in Fig. 5. One 
of its pulses, upon coincidence with 
the trailing edge of the vertical 
centering pulse K, is permitted by 
keyer tube F,, to trigger the verti¬ 
cal pulse interval 60-cycle multivi¬ 
brator F,« whose pulse width is 


normally set equal to three hori¬ 
zontal lines or the interval required 
by six vertical pulses at the 31,500- 
cycle rate. 

Waveform L in Fig. 5 is the out¬ 
put of Fj 4 . The vertical pulse inter¬ 
val gate, in turn, permits the verti¬ 
cal pulses to be amplified by keyer 
tube Fa only during the vertical 
pulse interval. The result is M in 
Fig. 5. In turn, the six vertical 
pulses during the vertical pulse in¬ 
terval are amplified and limited by 
tube F. and appear in the common 
plate circuit of F„ F, and Fa. Thus, 
into a common plate load are fed 
the horizontal pulses during the 
horizontal pulse interval from tube 
Fa, the equalizing pulses during the 
equalizing pulse interval from tube 
Fa and the six vertical pulses dur- 
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FIG, 7—^Punctloiu of slagoi in tho blanking-driving unit 


ing the vertical pulse interval from 
tube The mixed signal, U, is am¬ 
plified and limited by and F,u and 
appears at the cathode and plate of 
output tube Vti as a positive and 
negative composite synchronizing 
signal. Figure 6 shows the final 
sync output signal at V, 

The block diagram of the blank¬ 
ing-driving unit is shown in Fig. 7. 
The 16,760-cycle pulses trigger the 
horizontal blanking multivibrator 
F# whose output is fed into blank¬ 
ing^ mixer F,. The 60-cycle pulses 
trigger the vertical blanking multi¬ 
vibrator Ft whose output is fed to 
the grid of the second triode of 
blanking mixer F«. In the blanking 
position of the linearity test switch, 
the mixed vertical and horizontal 
blanking signals are limited and 
amplified in tube Vn\ and applied to 
the grid of blanking output tube 
At the cathode and plate of out¬ 
put tube F«, appear respectively the 
positive and negative composite 
blanking signals. 

The 167.6-kc signal derived from 
the timing generator is amplified 
and shaped in F* and mixed in Fu 
with the 900-cycle pulse derived 
from multivibrator Fu>. In the 
blanking and linearity bare posi¬ 
tion of the linearity test svdtch* 


these are inserted into the blank 
ing signal in the common plate load 
of blanking mixer F* and linearity 
mixer F„. The mixed blanking and 
linearity test pulses are clipped in 
limiter F^a and applied to the grid 
of output tube F„. In this position 
of the switch the output signals at 
Jw and consist of the composite 


blanking signal mixed with vertical 
and horizontal linearity signals. In 
the linearity bars position of the se¬ 
lector switch only linearity test 
signals are permitted to appear at 
the blanking signal output jacks. 
Figure 8 shows a test pattern gen¬ 
erated by an iconoscope film chain 
driven by the sync generator. The 
linearity test switch is in the blank¬ 
ing and linearity bars position. 

The horizontal driving pulses 
originate in the 16,760-cycle multi¬ 
vibrator F, and are directly applied 
to the grid of the horizontal drive 
output tube F*. They appear as 
positive and negative horizontal 
driving signals respectively at J, 
and Ji, In a similar manner the ver¬ 
tical driving pulses originate in the 
60-cycle multivibrator V»; the out¬ 
put is applied directly to the grid 
of vertical output tube F*. Vertical 
driving pulses appear in positive 
and negative polarity at jacks 
and /w. At r and Z of Fig. 6 are 
shown the waveforms of the hori¬ 
zontal and vertical driving pulses 
produced by the circuits. 

Power Supplies 

The high-voltage supply is used 
to provide the accelerating potential 
for the cathode-ray tube monitors in 
the timing generator. 
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load to full load at 400 milliamperes 
results in a change of only 0.1 volt 
at the output. A block diagram of 
the low-voltage supply is shown in 
Fig. 9. Transients from the ordinary 
power supply filter circuit are elimi¬ 
nated by use of an '^electronic 
choke” in the form of a first regu¬ 
lator for the 350 volts ahead of the 
final regulator for the 260 volts. 

A number of these synchronizing 
generators have been in operation 
during the past two years with ex¬ 
cellent results. 
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Counter Circuits for Television 

Basic step-type counter circuit is analyzed to determine design criteria. Its limitations, 
possible improvements and the relationships between parameters that govern the most 

stable operation are discussed 

By ALLAN EASTON and PAUL H. ODESSEY 

S TEP-TYPE counter circuits are pacitors C, and C> are charged pulses, the voltage across C, builds 

widely used as frequency di- through diode V,. During this in- up step-wise and approaches, as- 

viders in the design of television terval V. is nonconducting. As the ymptotically, the value of the im- 

synchronizing generators where charging time constant is usually pressed voltage B„ unless inter¬ 
stability of division, accuracy of very small, both capacitors attain rupted by the discharge device 

phase and freedom from jitter are the maximum charge in a relatively which discharges C, completely and 

of paramount importance. Mention short time and the impressed volt- causes the process to begin anew, 

will be made of some artifices for age, E„ is divided between the two The manner in which the voltage 
increasing the^ stability and fre- capacitors in a definite manner, builds up on capacitor C, is shown 

quency-division product. When the individual impressed in Fig. 2 for three values of the 

The basic circuit arrangement of puise decreases in voltage from E, ratio C,/Ci. Curve A illustrates the 

the step-type counter is shown in to zero, capacitor C> is discharged case where the ratio is relatively 

Fig. lA. It contains a source of pe- through the input circuit by means low resulting in large steps of 

riodic pulses (all of equal height) of diode V,, while C, is prevented voltage initially and then smaller 

at a frequency /<. the step-type from losing its acquired charge by incremental changes as the count ap- 

counter, and a discharge device op- the fact that Vi is nonconducting proaches the desired order of dM- 

erating at a frequency f^n. The during this part of the cycle. sion, in this Instance, five to one. 

counter circuit shown consists of A second impressed pulse will Curve C Uiustrates the case where 

two capacitors and two diodes. deposit an additional increment of the ratio is rdatively high and indi- 

When a positive pulse is im- charge on CIh Thus, corresponding cates an almost aaifomi, but vary 

pressed between terminals A-0, ca- to a regular succession of impressed small, incremental change in capae- 
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itor voltage from the first to the 
step. Curve S represents the charge 
ing curve using optimum parame¬ 
ters, and differs notably from 
curves A and C in that the or 
fifth step is much greater than in 
either of the other cases, and is the 
maximum value possible. 

From the practical point of view, 
greatest stability of a step-type 
counter is attained when the volt¬ 
age increment corresponding to the 
step of capacitor, C,., voltage is 
a maximum. Graphically, this cor¬ 
responds to the point of maximum 
slope of the charging envelope at 
the specified order of division. Thus, 
ill curve B the last increment of 
voltage is larger than are those of 
curves A and C. This condition of 
stability arises from the fact that 
it is the w*" increment of voltage 
which is utilized to actuate or trig¬ 
ger the following discharge circuits. 

The conditions for obtaining the 
maximum increment, the size of 
that increment, and the magnitude 
of the voltage across C., when the 
increment is reached, are all of 
importance when the designer 


wishes fullest utilization of the 
step-type counter. 

In the basic circuit. Fig. 1, the 
increment of voltage appearing 
across capacitor Cv (initially with¬ 
out charge) corresponding to the 
first of a series of narrow impressed 
pulses of equal magnitude, is: 

«i ■» Ep ^ ^ 

or e,i * E,,K 'Ih) 

wliere K <» 

« I T* * J 

E^. — magnitude of impressed 
pulses; c,, . . . = increment 

of voltage corresponding to first, 
second, third, . . . pulses. 

The second increment of voltage 
is 

e.-»{Ep-e{\K (2a> 

or 

- EpK (I - A") r2b) 

The third increment of capacitor 
voltage is 

e, ^\Ep- {e,^et)]K da) 

or ej - (1 -A)* (3b) 

Similarly the n’" increment of 
voltage across C-, corresponding to 
the n"* pulse is 

f, . « EpK (1 - A)"-i (4) 
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•TER RATTCRN OF VOLTAtC ON OAmoiTOR 0( 


no. 1—^OoMaii of flio baste oooBlor ebcnll oad output wavoioiais appBod to tbo 

cdiouli 


Curves representing Eq. 4 are 
shown in Fig. 3 for several values 
of n and clearly indicate the ex¬ 
istence of a maximum value of 
Bn/Ep for each order of division, 
and that greatest stability may be 
realized by employing the optimum 
value of K. 

The maximum value of may be 
determined in the conventional 
fashion: 

from which is obtained the optimum 
value of K, that is 

A'« - 
n 

Now since 


Then . (n - i) (7) 

n > 1 

Substituting the above criterion 
for maximum into Eq. 4 results in 

The total potential Er to which C? 
is charged at the end of n pulses <»f 
impressed voltage is 


B!r~J^e.~£,Kll + (l-K) + 

I 

f 1 - JC)* -f (1 - A)* ... (I - A)""»l f9a) 

From the methods of series sum¬ 
mation 

Er - Ap [1 - (1 - K)-] f!>b) 

Equation 9B may be transformed 
into a more familiar form 

Equation 10 is clearly of the same 
form as the well-known equation for 



no. Z—Chorafaig warufonu bidtealtaig 
•Itoet of Gholeu of rotte of C^/Ci 
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PRACTICAL FREQUENCY DIVIDER CIRCUIT 

A typical design of the step-type frequency divider presents the following speiMfi- 
cations: 

10 


1,000 cycles per second 
100 volts peak 
100 microseconds 
— 10 volts 
5 megohms 


Desired division n 
Initial frequency, /„ 

Pulse amplitude, Ep 
Pulse width 
Critical Firing Voltage 
«Shunt Leakage, E, 

Effective series resistance «■ 1,0fK) ohms 
(.Source plus diodes) 

A suitable circuit is shown al)ove. 'rube Pt is a I'athode-folluwer pulse source, 
type 6C4. 

Tube ^4 is a 0V6 blocking oscillator. 

From Eq. 7 

C\ « (n - 1) r, 

f?, - 9 


From Eq. 14 

Minimum C 2 — 


10?i 

foH. 


10 X 10 
1(P X 5 X 10*‘ 


and 


Ct 


* 0.02 microfarad 
0 .0022 microfarad 


With these values, the heififht of the tenth step will be 3.9 volts and 
the value of capacitor voltage about 63 volts. This requires a neg¬ 
ative bias of approximately 70 volts on the discharge tube grid. The 
bleeder circuit in the cathode of tube can be adjusted to provide 
the correct bias. 

The charging time constant based on an effective series resistance 
of 1,000 ohms is approximately 2 microseconds. 


growth of capacitor voltage in a 
series R-G circuit, that is 

0 - ( 11 ) 
in which t is replaced by n and 
minus alpha by the natural loga¬ 
rithm of 1/(1-K). 

If the criterion for maximum is 
substituted into Eq. 10» there re¬ 
sults 

jBt - 1^1 - ^ -) J (12) 


Examination of Eq. 12 indicates 
that when optimum conditions are 
employed, Er is always less than 
Ep, In fact 

o.7r) Fsr >o.fm Ep (la) 

The curves in Fig. 4 summarize 
the relationships derived thus far. 

The analysis presented to this 
point has stated an optimum value 
of the ratio of C% to Ci. However, 
knowledge of this ratio is not 


enough, since the magnitudes of the 
two capacitors have not yet been 
determined. Practical circuit con¬ 
siderations dictate the maximum 
and minimum values which may be 
assigned. The important factors 
which limit the choice of values are 
as follows: (1) The leakage re¬ 
sistance shunting C,; (2) The per- 
veance of the diodes; (3) The ef¬ 
fective resistance of the pulse 
source; (4) The stability of the 
power supply; (5) The stability and 
resettability of the discharge de¬ 
vice; (6) The recovery time of the 
discharge device; (7) The stability 
of the pulse source; (8) The high¬ 
est and lowest frequency of oper¬ 
ation; (9) The width of the im¬ 
pressed pulses; (10) The minimum 
phase shift permissible between 
input and output pulse; (11) Thr 
minimum jitter permissible be¬ 
tween input and output pulses. 

Every practical circuit has inti¬ 
mately associated with it leakages, 
which in this case may be repre¬ 
sented as a definite resistance R, 
shunting the storage capacitor C». 
The effect of R, is to partially dis¬ 
charge Ci in the time between suc¬ 
cessive steps. If the frequency 
/oA is low, Ct must, of necessity, be 
made large, so that the shunt dis¬ 
charge time constant, R.C„ will be 
sufficient to maintain the charge 
on Ct. The appearance of the step 
wave form with a short time con¬ 
stant is shown in Fig. 5. A good 
rule of thumb is to make Ct suffi¬ 
ciently large, so that the discharge 
time constant, R.C„ is at least ten 
times the period of the lowest op¬ 
erating frequency. That is 

R,Ct ^ 10 secondH (14) 

It was assumed in the earlier 
analysis that the time for C* to 
acquire an increment of charge is 
negligibly small. Actually, this 
may not always be the case, as the 
series resistance of the pulse source 
and the perveance of the diodes will 
slow up the rise time appreciably. 
Figure 6 shows the wave form dur¬ 
ing the charging interval at the 
n’" increment. 

The finite rise time has two un¬ 
desirable effects. It prevents the 
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increment of charge from ever 
reaching the value predicted by 
Eq. 8 during the charging interval, 
especially if narrow pulses are 
used. This effect reduces the ap¬ 
parent pulse voltage by some def¬ 
inite amount and thereby makes 
the frequency division somewhat 
dependent on pulse width and op¬ 
erating frequency. A satisfactory 
design rule which produces a negli¬ 
gible loss in voltage because of 
charging time constant is to make 
the series time constant less than 
ten percent of the pulse width. 

A more important difficulty intro¬ 
duced by the finite rise time is the 
irreducible phase delay. Phase de¬ 
lay, in itself, may not be objection¬ 
able in many designs, but what is 
troublesome is the jitter resulting 
from minute fluctuations in pulse 
height and power supply variations. 
The net effect is to cause slight 
shifts in the time of firing of the 
discharge device. The series charg¬ 


ing time constant of the R-C circuit, 
made up of the source resistance, 
diode resistance, C„ and Ci should 
be very small. This requirement 
dictates the use of high-perveance 
diodes, low-impedance pulse 
sources and minimum values of 
and Cs. 

Earlier in this discussion it was 
stated that periodically capacitor 
C, was discharged by means of di¬ 
ode V, through the pulse generator 
impedance. Consideration of the 
time intervals involved as well as 
the circuit constants shows that 
this statement is only approxi¬ 
mately correct. It takes an infinite 
time to discharge C, completely; a 
finite time to reduce the voltage 
across C, to some predetermined 
value. The effect of this residual 
charge is to oppose the pulse volt¬ 
age which is trying to produce 
voltage increments on C,. This ef¬ 
fect becomes more pronounced as 
the pulse width is increased or as 



FIQ. 9—CwrvM of vOTloiit Tcdvoi of a for dototmtadag llw opUmtaa volvo of K 



FIG. 4—Sot of design curvoe for diodo 
countors 


the pulse repetition frequency is 
raised; that is, as the duty cycle is 
made larger. The cumulative re¬ 
sult is to make the stability of di¬ 
vision dependent upon frequency 
and pulse duty cycle. To minimize 
this phenomenon, C^ should be 
chosen as small as possible and the 
circuit resistance held down. 

The recovery time of the dis¬ 
charge circuit places an upper limit 
on the frequency of operation; but 
many suitable discharge circuits 
are known to the art, so that a suit¬ 
able one can be selected for the 
particular frec|uency range. 

It has been shown that low-fre¬ 
quency considerations dictate large 
values of the counter circuit capac¬ 
itances, whereas high-frequency 
work requires just the opposite. 
Evidently, the designer must recon¬ 
cile the conflicting requirements 
and effect a suitable compromise. 

CoiicluBionf 

Having achieved the optimum 
choice of circuit parameters, the 
maximum order of frequency divi¬ 
sion which may be attained with 
good stability depends upon the 
amplitude of the w*** increment of 
voltage on capacitor C. and on the 
nature of the discharge device. The 
previous analysis has shown that 
as the magnitude of tt is increased, 
the size of the step decreases to 
the point where the discharge de¬ 
vice may trigger erratically because 
of noise, line voltage fluctuation, or 
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FIG. 5—Th« folld line repreiente the 
normol charging waveform and the 
daehed line ehowi the effect of ehunt 
leokage ocross C,. 

power supply ripple. Thus, the size 
of the n*** step must be sufficiently 
large to make negligible these in¬ 
evitable disturbances. Some allow¬ 
ance must also be made for ageing 
of the circuits which may change 
the operation and critical firing 
voltage of the discharge device. 

The curves in Fig. 2 show that 
the envelope of the charging curve 
of capacitor C, voltage is an ex¬ 
ponential function of the form 

V - iC (1 - €-«») 

where K and a are constants. One 
of the inevitable characteristics of 
such a function is that successive 
increments of y must become pro¬ 
gressively smaller as time elapses. 
As shown for a count of ten to one 



FIG. 6—Effoct of llnito rbo timo in pro¬ 
ducing dolays botwoon initiating pulsoe 
and output pulsot. Small chongoi In 
pulM hoight or of critical firing voltogo 
will causo chemgoB in doloy timo. causing 
iittor in th«* output pulsos 

the size of the n‘“ step cannot ex¬ 
ceed approximately 3.9 percent of 
the impressed pulse voltage. To im¬ 
prove the stability of counter per¬ 
formance, some means for making 
the tenth step larger than 3.9 per¬ 
cent of Ef is needed. Graphically, 
the envelope of the charging curve 
must be made less concave down¬ 
ward, perhaps more closely linear, 
or be.st of all, concave upward. At 
the same time, the charging curve 
.should attain the same or even 
greater value at the end of n steps 
than does the normal curve. 

Several methods are known for 
accomplishing the desired distor- 



FIG. 7—Two propeiod circuits for im¬ 
proving ceuBtor stabUity. Shown ot A 
is tho Hallmark lyitom using o triodo lor 
linoorlsatlon of the staircase charging 
curve. In circuit B. a sawtooth wove- 
form on the screen grid of a pentode 
driver tube causes the tronsconductarce 
of the tube to rise with time, and cause 
heights of steps to increase instead of 
decreose. By proper selection of wave¬ 
form of screen grid voltage, any type of 
charging characteristic may be obtained 

tion of the charging curve. Figure 
7 shows some of the possible meth¬ 
ods. In a particular design, the 
availability of auxiliary pulses and 
waves will suggest other methods 
of approach. 


Television Receiver Laboratory 

Design of test facilities, shielding, and filtering for a development laboratory. An oscil* 
loscope adapter, line-isolating amplifiers, safety boxes for c-r tubes and the construction of 

the shielded room are among the features 


The first essential equipment of a 
television laboratory is a television 
synchronizing generator, prefer¬ 
ably one complying with RMA 
standards*. The second major re¬ 
quirement is a dependable source of 
picture signals such as those ob¬ 
tained from a monoscope or other 
test pattern which remains fixed 
while adjustments are made and 
which can always be used to observe 


By FRANK R. NORTON 

the geometric distortion, resolution, 
contrast, focus and general quality 
of the received picture. 

An electrical bar or grating pat¬ 
tern generator is needed to accu¬ 
rately and rapidly adjust sweep 
linearity. The pattern generator sig¬ 
nals provide a grating of horizontal 
and vertical bars accurately spaced 
in time. Thus their distances apart 
on the picture screen show the 


sweep speed averaged over each 
time interval between bars. The 
pattern can be chosen so as to pro¬ 
duce squares when the aspect ratio 
is correct and then the linearity and 
amplitude of the sweeps can be 
quickly adjusted. 

A monoBcope camera Includes 
an amplifier which mixes blanking 
signals with the picture signal. 
Either its output or that of some 
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other camera or picture signal 
source is then put into a line ampli¬ 
fier where sync pulses are added to 
produce a standard RMA* composite 
picture signal. This composite vi¬ 
deo signal should then be monitored 
by a laboratory picture monitor and 
a waveform monitor. For complete 
receiver testing, a laboratory tele¬ 
vision transmitter is necessary if 
locally broadcast picture signals are 
not available. 

A noise generator to provide a 
known and controllable amount of 
various types of noise, such as ther¬ 
mal noise, but more particularly 
impulse noise similar to ignition 
noise, is also needed to permit study 
of noise limiting and sync interfer¬ 
ence and other important receiver 
characteristics. 

All the RMA sync generator 
outputs are made available both on 
the central racks and at seven line- 
isolation amplifiers mounted in 
boxes on the wall above the benches 
at convenient locations around the 
laboratory. These locations are 
connected through RG 59/U coaxial 
lines to the central racks. The coax¬ 
ials and d-c power connections for 
each line-isolation amplifier are run 
in ducts mounted along the walls 
near the ceiling with branches 
down to each box. From each box 
two coaxial cables run directly to 
the central panel. Signals can be 
sent from any part of the room to 
any other location by making a suit¬ 
able connection at the jack panel. 


This saves time and avoids having 
lines remain on the fioor. 

A small broadband scope near the 
racks is used as a waveform moni¬ 
tor and doubles as a test oscillo¬ 
graph. However^ it is desirable to 
have a rack-mounted waveform 
monitor which is always available 
when needed. 

The test transmitter is crystal 
controlled for the desired channel. 
The output stage uses a grid-modu¬ 
lated 832A tube with a 2-inch c-r 
monitor directly connected to the 
plate coil. A balanced mutual-in¬ 
ductance type attenuator is used, 
giving a continuously adjustable 
output from 100,000 to 1 microvolt 
with a direct-reading dial. This 
balanced output appears on two 
coaxial jacks, at an impedance level 
of 60 ohms to ground from either 
side, or 100 ohms from side to side. 
This is very convenient in receiver 
testing. 

Line-lfolation Amplifiers 

The line-isolation amplifiers 
shown in the schematic of Fig. 1 
have five type 6J6 tubes, one for 
each of the five independent circuits. 
Both plate and cathode-coupled out¬ 
puts (either polarity of the applied 
signal) are available at coaxial 
jacks on the front of the box. The 
first three circuits are intended for 
pulse signals such as sync, blanking, 
camera driving, and the last two for 
composite picture signals or camera 
output signals. Slightly different 


circuit values were used for con¬ 
venience. 

The polarity of the input signals 
on the fir.st and last circuits are 
black negative so the output jacks 
are marked — on the cathode and 
-f on the plate to indicate the out¬ 
put signal polarity. The middle 
three circuit jacks are marked with 
the 4* on the cathode and -- on the 
plate to indicate whether the output 
is the same or the opposite polarity 
from the applied input. 

The maximum output level is 
about 0.5 volt peak-to-peak if com¬ 
pression is to be avoided. This 
level is often insufficient, but a few 
booster amplifiers used on the bench 
as needed have been found satisfac¬ 
tory. Other engineers may prefer 
to use more distribution amplifiers 
whose outputs can be patched from 
central racks to any location de¬ 
sired. This line-isolation amplifier 
system provides a multiplicity of 
outputs always available at each 
location. Larger output tubes were 
not used because the total B current 
drain of the isolation amplifiers 
would become excessive. 

The coaxial line to the amplifiers 
is looped into one after another, the 
amplifier inputs being simply 
bridged across the line except at the 
last amplifier, where the line must 
be accurately terminated to avoid 
reflections which may become seri¬ 
ous if there is an appreciable mis¬ 
match. A small coaxial cable of the 
length used here has about 8-db loss 
at 6 me. The output of the ampli¬ 
fiers is practically flat to beyond 5 
me except for the line loss, which is 
not serious since the phase response 
is excellent. 

Oscilloscope Adaptor 

A scope adapter may be conven¬ 
iently used with any broad-band 
oscilloscope to increase its utility in 
television development work. Its 
schematic diagram is shown in Fig. 
2. The adapter is used to supply a 
60-cycle calibrating voltage to the 
input probe to compare in amplitude 
with the signal under test, and to 
supply a variable sweep voltage to 
provide sufficient sweep velocity to 
view only a few lines of a television 
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TRANSFORMER 
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ROOM 
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-L'JACK 
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I ! t'*R mesh 

[-W -SCREEN WIRE 


FIG. 3—^Power lia* cmd vldRO Input fUlort for tho shioldod room 


PIG. 2-Circuit of oseUloscopo adaptor 

sigrnal. This is also adjustable in 
phase; any desired portion of the 
signal may be expanded for close 
examination. The unit also pro¬ 
vides a double trace on the oscillo¬ 
scope at a 30-cycle rate for study of 
the interlace of a television signal, 
and provides a broadband (6-mc) 
video mixing amplifier with two 
inputs. 

The sweep-voltage waveform is a 
trapezoid, produced from a 60-cycle 
sine wave which is adjustable in 
phase over about 860 degrees. The 
slope or velocity may be varied to 
allow only a few lines of a television 
signal to be viewed if desired. 
Blanking for the oscilloscope is pro¬ 
duced by differentiating the sweep 
to avoid bright apots on the screen 
where the beam would otherwise 
dwell during the time between the 
fast sweep intervals. 

In using the unit, compression of 
the positive trace may occur due to 
nonlinearity in the amplifter if the 
trace separation is widened too far. 
The phase shifter is quite satisfac¬ 
tory but an autosyn resolver would 
give even more constant output 
amplitude and make it possible to 


adjust the phase continuously ir. 
any direction. The present arrange¬ 
ment is limited to 360 degrees and 
has a slight variation in amplitude 
with phase. 

The screen rooms are somewhat 
unusual in that hardware cloth with 
i-inch mesh is used for both the 
inner and outer screens on the 
usual wooden 2x4 frames. The 
relatively open mesh permits ex¬ 
cellent interior illumination by 
fluorescent light fixtures suspended 
just over the enclosure, thus elim¬ 
inating any radio interference due 
to them and not loading the special 
Altered power circuit to the room. 
The open mesh also permits a free 
circulation of fresh air from an 
anemostat over the screen room. 

The galvanized steel wires of the 
hardware cloth are bonded at every 


intersection, and it is believed that 
the efficiency of the screen in elim¬ 
inating radio interference will be 
higher over a period of years than 
for a Ane mesh copper screen, which 
is likely to corrode in time and 
cause poor contact between wires. 

In constructing the rooms, care 
was exercised to solder all joints in 
the hardware cloth. Joints around 
the door between the screen on the 
door and that on the main frame 
are doubly sealed by bronze 
weather-stripping on both the door 
and the frame, on both the inner 
and outer sides. No connection 
anywhere between the inner and 
outer screens was permitted except 
for the sinfidc conduit which carries 
power wires and coaxial cable cir¬ 
cuits. 

A schematic of the Alters for one 
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of the screen rooms is shown in 
Fig. 3. With this arrangement the 
screen room provides more than 
70-db attenuation anywhere within 
the room with respect to a signal 
level measured just outside the 
room, throughout the frequency 
range from 20 to 250 me. 

The main power fuse and switch 
box for each room is mounted out¬ 
side the door, with a red lamp to 
indicate when the power is on. The 
60*cycle shielded transformer and 
all the wiring are enclosed in metal 
boxes or conduit. A motor-driven 
voltage regulator supplies a con¬ 
stant 117 volts. 

The two r-f filter sections are 


made resonant at widely different 
frequencies, and seem to be quite 
effective throughout the spectrum. 
Chokes L, and Lt in the r-f filters 
are multiple-layer solenoids wound 
with large rectangular wire to avoid 
heating and keep the line voltage 
drop low. 

Two coaxial lines into the screen 
room (only one is shown in the sche¬ 
matic) have 15-mc low-pass filters 
in small boxes on both the outside 
and the inside of the room. Thus 
any video signals (including color 
picture signals) can be transmitted 
without distortion of the signal and 
without any interference being in¬ 
troduced into the screen room at 


present television i-f or carrier 
frequencies. 

The author wishes to acknowledge 
the contributions made by many 
engineers and technicians associ¬ 
ated with him, particularly those of 
W. B. Wilkens and J. E. Mackenzie^ 
and the encouragement and assist¬ 
ance of A. C. Omberg, chief re¬ 
search engineer. 
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Television Resolution Chart 

Designed for the purpose of standardizing television resolution measurements, the 
chart illustrated overpage has been made available to the industry by the RMA 


C ALIBRATION of the ’ chart 
illustrated is based on a height 
of 18 inches and a width of 24 
inches, which is the size supplied by 
the RMA Data Bureau. For trans¬ 
mitter checking, the chart should be 
televised by the studio equipment 
and reproduced on a suitable pic¬ 
ture monitor. 

Resolution is to be read only after 
equipn\ent has been adjusted to 
have a minimum of distortion; by 
checking scanning, shading if sys¬ 
tem employs shading, low-fre¬ 
quency phase shift, and focus. 

Proesdiirt 

After these adjustments, note the 
maximum gray scale reading (for 
perfect adjustments, reading should 
be same on all four scales), and 
then take maximum resolution 
(horizontal and vertical) readings 
on the large wedges in the central 
portion of picture; and on the small 
wedges in circles at corners. For 
example, read the horizontal resolu¬ 
tion from the wedges located ver¬ 
tically on the chart, and read the 
vertical resolution from the wedges 
located horizontally on the chart. 


A measure of maximum resolution 
should be accompanied by a state¬ 
ment of the number of the distin¬ 
guishable gray steps (for example, 
400 lines—steps 2, 3, 4, 5 and 6). 

The maximum resolution reading 
will indicate system performance. 
The least of the maximum resolu¬ 
tion readings (usually found in 
picture corner) will indicate the 
system degradation due to failure 
in achieving optimum results for 
one or more of above adjustments 
or due to inherent c-r tube distor¬ 
tion. 

To Cheek Seonning 

The scanning adjustment in¬ 
volves size, linearity, and aspect 
ratio. 

Focus the chart on the camera 
tube so that its area (boundaries 
determined by arrow heads) exactly 
covers the usable area scanned by 
the camera. 

Check vertical sweep linearity by 
comparing the spacing of the short 
horizontal bars at both top and bot¬ 
tom of picture with that of the bars 
midway between. 

Check horizontal sweep linearity 


in a similar manner by comparing 
the spacing of the vertical bars in 
the square at each side of picture 
with that of the bars in the center 
square. 

Check aspect ratio by measuring 
the large pattern formed by the 
gray scales to see if it is a square. 
If the horizontal and vertical scan¬ 
ning is linear and the above pattern 
is square, the aspect ratio is cor¬ 
rect. 

To Chock Shading 

If camera employs shading, check 
by visual inspection of the picture 
monitor to determine if the ba(;k- 
ground is an even gray, or use the 
waveform monitor and note if the 
average picture signal axis is 
parallel to the black level line both 
at line and field frequencies. As an 
additional aid in correcting the 
shading, adjust same until the gray 
scale reading is the same (and a 
maximum) for all four scales. 

Streaking following either one 
of the two horizontal black bars at 
the top or bottom of the large circle 
is an indication of low-frequency 
phage shift. 
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TcdbU 1—Ltai# Collbrcrtion oi RmoIuUob Bat#cl on 184Bch 

CShort Holght 


No. of 

Width per 

Width of 

Lintt 

Line 

9 lines 19 lines 

200 

0.090' 

0.810' 1.71' 

250 

0.072' 

1.37' 

300 

0.060' 

0.540' 1.14' 

350 

0.051' 

0.97' 

400 

0.045' 

0.405' 0.85' 

450 

0.040' 

0.76' 

500 

0.036' 

0.324' 0.68' 

550 

0.033' 

0.62' 

600 

0.030' 

0.270' 0.57' 

Example: The 300-liiM 

1 point ia located on 

the large wedge where its total width 

is 1.14 indi and on 

the small wedge where its width is 0.54 inch. 


Toblo n—Froquoncy CScdibrotion ol RoBolntfon Wodgo. 
Betted on iS-ineh Chart Height 


Sm “ Aflt' 


w 


H.X2 

Where /« ■■ fundamental frequency for n number of Unee 
Ar "> aspect ratio i- 4/3 
n » number of lines 

Ffa « active time of horisontal trace. (Horiaontal time less blankina time. 
Blanking time is 0.16 /f — the average between mannmm and mini¬ 
mum allowaUe time.) Horizontal time 63.5 ^seoand 63.5 X 
0.85 * 53.3 ftaec 

Substiliitiiig given values In the above formula; 

4 10* 

3 ^ 3 x " 2 ” ** 0.0125 n inc, or n — /»/0.0125 lines 


- 


When fn 

wB 3 mo 4.0 

5.0 6.0 

7.0 

n 

- 240 lines 320 

400 480 

560 

fn 

3 

No. of lines 
240 

Width per line 
0.0750' 

Width of 19 lines 
1.42' 

4 

320 

0.0562' 

1.07' 

5 

400 

0.0450' 

,0.85' 

6 

480 

0.0375' 

0.71' 

7 

560 

0.0325' 

0.62' 


Locate frequency calibration along wedge by same method employed to locate line 
calibration (see example in Table I). 

An alternate metiMxl suggested for locating the line calibrations along the wedge 
uses the following formula: 




Where L» > distaiioefioineDdotwedfeiodiaitiiigiiiaiimumUiiMneoIntioa (inthb 
osie 600 ) 

L '■ bogtb of eotin wedge (ihorteet dietenoe between aide) 
n B number of Unee per picture height 


Two checks are required: camera 
lens focus and cathode-ray beam 
focus (camera tube and receiving 
tube). Cathode-ray beam focus ad¬ 
justments are made for a maximum 
resolution reading, Arst of the hori¬ 
zontal scanning and then of the 
vertical. Due to beam characteris¬ 
tics a maximum adjustment for one 
may not be the maximum adjust¬ 
ment for the other; in this event a 
compromise adjustment is used. 

MiMolInneMit Chert InformetiM 

All bars for checking sweep lin¬ 
earity are spaced for 200 lines reso¬ 
lution. 

One of the wedges for checking 
horizontal resolution is calibrated 
in both lines and megacycles to 
facilitate equipment checking. 

The gray scale is composed of ten 
steps varying in an approximate 
logarithmic manner from maximum 
white brightness to approximately 
1/80 of this value. This scale may 
be used in connection with a wave¬ 
form monitor to check the transfer 
characteristic of the system. 

The four diagonal lines in the 
square may be used to check qualify 
of interlacing. A Jagged line indi¬ 
cates pairing of the interlaced lines. 
(Not effective when interlace fail¬ 
ure is 100 percent). 

The circumference of each of the 
four small circles is tangent to an 
imaginary circumference at the 
point nearest the corner of the 
chart. The radius of this imag¬ 
inary circle is 4i inches (on the 
full-size chart), and is located along 
a line bisecting the comer angle of 
the chart (This is to indicate the 
part of comer masked off by some 
television receivers.) The comer 
circles should be visible on a re¬ 
ceiver whose pfetnre comers are 
masked. 

The resolution circles in the 
center of the pattern and in the 
center of the comer resolution 
wedges are for testing spot elliptie- 
ity on cathode-ray picture tubes 
(useful to tube manufacturers). 
The resolution of the circles in the 
comers (ISO) was made less than 
the resfdution in tlie center (800) 
because of added deflection defoens- 
ing in these areas. 


The four crosses (-I-), positioned 
one at the center of eadi side of the 
chart, are used for alignment of 
projection kinescopes and the opti¬ 
cal system of projection receivers. 

The gray background of the 
chart provides a satisfactory bal¬ 
ance with the whites so that a sto- 
dio system correefly set up by the 
use of this chart will operate satis¬ 
factorily on an average scene with¬ 
out addlthmal adjustments. 


The two sections of single-line 
widths, 60-800 (60-100-160-200- 
260-800) and 860-600 (860-400- 
460-600-660-600), provide an ac¬ 
curate means of cheddng “ringing** 
in equipment (The multiple lines 
in the wedge are eonfuaing in 
ehedts of this type.) 

Printed copies of the chart in 
its original sIm of 18 by 84 ladiss, 
may be ditained ftvm the BHA 
Headquarters, Wahh. D. C. 
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ELECTRONICS ANNUAL FOR RADIO ENGINEERS 



By JOHN H. BATTISON 


T he accompanyingr charts, based upon PCC 
assumptions and data, provide a quick 
approximation of television service areas for the 
6,000 }i.v per meter (solid line) and 500 [»,v per 
meter (dashed line) contours. Receiving an¬ 
tenna height is assumed to be 30 feet above aver¬ 
age terrain. 

To determine the distance from a channel 2 
20-kw transmitter 2,000 feet above average ter¬ 
rain to the 6,000 (iv per meter contour, enter the 
appropriate chart at the left and follow the 
effective radiated power line across to its junc¬ 
tion with the solid curve for 2,000 feet. Then 
read off the distance in miles (29 miles, in this 
case) from the scale at the top of the graph. 
The 500 |j.v contour from a similar transmitter 
would be found at 60 miles, using the dashed line 
for height and the lower scale of miles. 

Power and antenna height necessary for 
desired coverage can also be determined from 
the charts. 


3,000/m. V PER M CONTOUR in MIICS 



Service Areas 


S.OOO>U'V PER M CONTOUR IN MILES 



3,000,mV per M contour IN MILES 
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Photometry in Television Engineering 

This introduction to fundamental photometric concepts and measurements provides an 
understanding of principles and methods whereby performance of television receivers 
may he evaluated. Quantities needing measurement and their interrelations are explained 

By D. W. EPSTEIN 




FIG. 1 —Toltttf (leit) oi luminoilty cunrg cvpiy to FIG. 2 —Luminous intonsity of tho sourco Is tho flux omlttod por 

conditions mol in toloTision; obsoiuto raluos (right) oro usod solid ongio. llluminonco of a rocoivor is tho flux por unit aroo 

to dotormino luminous officioncy Incidont on its surfoeo 


P HOTOMETRY is of considerable 
interest to television engineers 
because the engineering evaluation 
of television receivers depends to 
an important extent on photometric 
measurements. By making these 
measurements television engineers 
can accumulate objective data on 
the distribution of light output 
over the picture plane on which to 
base future designs of receivers. 

Receivor Psrformonco 

Among the factors affecting re¬ 
ceiver performance and in which 
photometry plays an important role 
are: (1) highlight brightness, (2) 
brightness range or large area con¬ 
trast, (3) brightness gradation or 
gamma, (4) detail contrast, resolu¬ 
tion contrast or sharpness, (5) 
ambient illumination, (6) direc¬ 
tional characteristic of the emis¬ 
sion, and (7) such other effects on 
the photometric performance of the 
receiver as hum and flicker. Al¬ 
though the relative importance of 
these factors for viewer satisfac¬ 
tion is determined essentially by 
experience in the field, it is only by 
possessing photometric data on 
them that this experience can be 


converted into specifications. 

Photometry is concerned not only 
with the measurement and compu¬ 
tation of the energy relationships 
in the emission process, propaga¬ 
tion, absorption and reflection of 
radiant energy in the wavelength 
range of 380 to 765 millimicrons, 
but also with the quantitative eval¬ 
uation of this radiant energy with 
respect to its capacity to stimulate 
visual sensations. 

A luminosity curve shows as ordi¬ 
nates the relative effectiveness 
(plotted as the reciprocal of the 
required radiant energy) of vari¬ 
ous wavelengths of radiant energy 
to evoke, for a particular observer 
and under particular conditions, 
visual sensations of equal bright¬ 
ness. A luminosity curve may thus 
be considered as the relative re¬ 
sponse characteristic of the eye. 

The difficulties encountered in 
attempting to make photometry an 
objective science are that the rela¬ 
tive response characteristic of a 
given individual Is different for 
different conditions of observation 
and that the relative response char¬ 
acteristics of different observers, 
under the same conditions of ob¬ 


servation, are not identical. 

The use of many luminosity 
curves would, obviously, lead to 
endless confusion and ambiguity in 
photometric measurements and 
specification. To avoid this, the 
International Commission on Illum¬ 
ination adopted in 1924 a standard 
luminosity curve. Figure 1 shows 
the standard I. G. I. luminosity 
curve which was obtained as an 
average of a reasonably large num¬ 
ber of luminosity curves. It should 
be realized, that, (because a differ¬ 
ent average curve would have been 
obtained if a different group of ob¬ 
servers or different conditions of 
observation have been used), the 
standard-luminosity curve is es¬ 
sentially an arbitrarily assumed 
standard for purposes of stand¬ 
ardization and specification of 
photometric data and is not neces¬ 
sarily the response of any normal 
or average individual. Table I 
gives the standard luminosity func¬ 
tion, y (X), at 6 millimicron steps. 

Uaifi of fkotoiiMtry 

Photometry has been complicated 
by nomenclature and systems of 
units. To alleviate this situation, 
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Tabl* I—Stomdard LumliMwlty Fiinetlan 


X in iii/u 


3ao 

385 

390 

395 

400 

405 

410 

415 

430 

425 

430 

435 

440 

445 

450 

455 

460 

465 

470 

475 


y (X) 


0.0000 

0.0001 

0.0001 

0.0002 

0.0004 

0.0006 

0.0012 

0.0022 

0.0040 

0.0073 

0.0116 

0.0168 

0.0230 

0.0298 

0.0380 

0.0480 

0.0600 

0.0739 

0.0910 

0.1126 


X in rii^i 


480 

485 

490 

495 

500 

505 

510 

515 

520 

525 

530 

535 

540 

545 

550 

555 

560 

565 

570 

575 


y (X) 


0.1390 

0.1693 

0.2080 

0.2586 

0.3230 

0.1073 

0.5030 

0.6082 

0.7100 

0.7932 

0.8620 

0.9119 

0.9540 

0.9803 

0.9950 

1.0002 

0.9950 

0.9786 

0.9520 

0.9154 


X in 


580 

585 

590 

595 

600 

605 

610 

615 

620 

625 

630 

635 

640 

645 

650 

655 

660 

665 

670 

675 


y (X) 


0.8700 

0.8163 

0.7570 

0.6949 

0.6310 

0.5668 

0.5030 

0.4412 

0.3810 

0.3210 

0.2650 

0.2170 

0.1750 

0.1382 

0.1070 

0.0816 

0.0610 

0.0446 

0.0320 

0.0232 


y in mX 


680 

685 

690 

695 

700 

705 

710 

715 

720 

725 

730 

735 

740 

745 

750 

755 

760 

765 


> ^x; 


0.0170 

0.0119 

0.0082 

0.0057 

O.OOll 

0.0029 

0.0021 

0.0015 

0.0010 

0.0007 

0.0055 

0.0001 

0.0003 

0.0002 

O.OOOl 

0.0001 

0.0001 

0.0000 


The oonunonly used units of wavelength are the micron (m) — lO’^eter. the 
millimicron (him) * 10“*meter, and the Angstrom unit (A) — 10“^®meter. 


Tobl# II—^NomnnclotuTH and Symbols Usod In Photometry 


RADIOMETRY 

PHOTOMETRY 

Name 

Sym¬ 

bol 

Unit MKS 

Name 

Sym¬ 

bol 

Unit MRS 

Radiant Energy 

U 

joule 

Luminous Emergy 

0 

talbot 

Radiant Flux 

P 

watt 

Luminous Flux 

F 

lumen 

Radiant Emittance 

w 

watt/ni* 

Luminous Emittance 

L 

lumen/m^ 

Radiant Intensity 

J 

watt/w 

Luminous Intensity 

I 

lumen/ (tf(candlc) 

Radiance 

N 

watt/wm* 

Luminance 

B 

lumen/a>m* 

Irradiance 

H 

watt/m* 

Rluminanoe 

E 

(candle/m*) 
lumen/m* (lux) 


m 

meter 


VO 

steradian 


wavelength 555 mii. (peak of 
standard luminosity curve) is 
equivalent to 650 lumens, whereas 
one watt at 500 m^i is equivalent to 
0.828 X 650 = 210 lumens. (The 
value of 650 lumens per watt has 
been adopted by the committee on 
Nomenclature and Standards of the 
Illuminating Society of America. 
However, as soon as the new pro¬ 
posed international photometric 
standard is adopted, this value will 
probably increase to 685 lumens per 
watt. 

Luminous efficiency K should not 
be confused with the efficiency of 
a practical light source, which is 
the ratio of the total luminous flux 
to the total power input. The effi¬ 
ciency of a light source is less than 
K since generally only a fraction 
of the power input is converted into 
radiant flux. 

ColculoHons 

Referring to Fig. 2, let the small 
plane source of area Ao emit P 

watts or F = J] y(X)/>(X)dx 

lumens, and let Aj and At be the 
areas of two small receivers which 
subtend the same solid angle Ao> at 
the center of the source and are lo¬ 
cated at the same distance D from 
it. The luminous intensity or can- 
dlepower of a source is given by 


the committee on Colorimetry of 
the Optical Society of America has 
recommended Table II, which gives 
the names, s 3 rihbola, and basic inks 
units of radiometry and photom¬ 
etry. The term luminance in 
Table II replaces the older term 
brightness, which led to the con¬ 
fusion between the objective con¬ 
cept of brightness as a measurable 
quantity and the subjective concept 
of brightness which refers to the 
sensation in the consciousness of 
the human observer. It is recom¬ 
mended that the term brightness 
be used only in the latter sense. 

Any radiometric unit in Table II 
is converted into the corresponding 
photometric unit by evaluating it 
with respect to the standard lumi¬ 
nosity function y (X). Thus, if 
P (a) be radiant flux (in watts per 


millimicron) distributed over the 
continuous spectrum extending be¬ 
tween X, and X„ then the luminous 
flux in lumens is given by 

/ X* 

P(X)y(X)dX (1) 

X, 

where X is measured in millimi¬ 
crons. The ratio of any photometric 
quantity to the corresponding 
radiometric quantity in Table II. 
is defined by the ratio 

- 

K 650 ^ X|F(X)y(X)ifX lumens 
per watt 
X, 

KP(\)dX (2) 

and is called the absolute luminos¬ 
ity or luminous efficiency (ex¬ 
pressed in lumens per watt) of the 
radiant energy. Thus one watt of 
monochromatic radiant flux of 


I • SF t3’i 

and is measured in candles or lu¬ 
mens per steradian. The number of 
lumens AF, and AF, contained in 
the solid angles Aw will, in general, 
be different. Thus the intensity /, = 
AF,/Aw measured in the direction 
normal to the source is different 
from the intensity /• = AF^^Aw 
measured along a direction making 
the angle a with the normal. In 
iliecifying the intensity or candle- 
power of a source, it is therefore 
necessary to state the direction fai 
which the intensity is measured or 
preferably to give a eandkpower 
distribution curve. The directional 
characteristic of many extended 
sources, such as a luminescent 
screen of a cathode-ray tube, obty 
Lambert’s law udiieh states ^t 

It “ /.OMd ' (4; 
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In the case of a uniform point or 
spherical source, the intensity is 
independent of direction and is 
equal to F/Ais, Table III shows the 
relationship between the three most 
frequently used units of intensity. 

A surface of area AA placed in 
a field of flux F is said to be illu¬ 
minated with the illuminance in 
lumens per square meter (in mks 
units) of 

E - AF/AA (5) 

where AF is the flux incident on the 
surface. The illuminance of re¬ 
ceiver AAi (Fig. 2) is 

El »» AFi/AA| » JoAw/AAi 

* (/o/AAi) (AAi coaB)/D^ 

* (/o//F) cobO (6) 

The illuminance of receiver AAs is 

Et - (/f/ZF) cos^ (7A) 

which, for a source obeying Lam¬ 
bert’s law, is 

Ei ■ (/o//>*) C08a cobO f7B) 

In the case of normal incidence the 
illuminance of the two receivers 

El - Et - /a/Z>* (S' 

Equation 8 expresses the well 
known inverse square law of illu¬ 
mination. Equation 6 or 7 expresses 
the combination of two fundamental 
laws of illumination; the inverse 
square law and the cosine law. The 
inverse square law, which is the 
basis of most photometers, applies 
to large extended sources if D is 
considerably larger than the exten¬ 
sion of the source. Thus, Eq. 8 
holds to within about one percent 
if D is at least five times the great¬ 
est linear dimension (the diagonal 
of the raster on a cathode-ray tube 
screen) of the source. Equation 8, 
rewritten in the form 

/•-(9) 
serves as a basis of determining the 
intensity of candlepower of ex¬ 
tended sources if D is again at least 
five times the greatest linear ex¬ 
tension of the source. 

The luminance B of the surface 
A. (Fig. 2) in any direction a is 
the ratio of the intensity /«in that 
direction to the area of the projec¬ 
tion of A« on a plane perpendicular 
to this direction so that 

B-/s/A»ooMt (10) 


Luminance is measured in candles 
per square meter in mks units. If 
Lambert’s law is obeyed, then 


and the luminance of a surface is 
independent of a. The brightness 
sensation depends upon the lumi¬ 
nance of the surface. Hence, if the 
surface obeys Lambert’s law, its 
luminance is the same in all direc¬ 
tions, and it will appear equally 
bright from all angles. 

The luminous emittance L of a 
surface is the total luminous flux 
the surface emits per unit of area 

L - F/A (\2) 

Luminous emittance is measured 
in lumens per square meter in mks 
units. The luminous emittance of 
a surface obeying Lambert’s law is 

L - (13) 

Thus a perfectly diffusing surface 
with a luminance of B candles per 
square meter emits %B lumens per 
square meter. If the area of the 
surface is A square meters, then it 
emits nBA lumens. 

Equation 18 is the basis for an¬ 
other unit of luminance called me- 


Toblo in—Conversion Foctors for 
Units of Luminous Intensity 


UNIT 

Int'n'l New Hefner 
Candle Candle Candle 

One Int*n*i 
Candle 

One New 
Candle 

One Hefner 
Candle 

1 I.0« I.11 

0.98 1 1.09 

0.90 0.92 1 


ter-lambert. One meter-lambert 
(equal to I/tu candle per square 
meter) is the luminance of a per¬ 
fectly diffusing surface emitting,, 
reflecting or transmitting one lu¬ 
men per square meter. This 1am- 
bert unit is extremely convenient 
when dealing with reflecting and 
transmitting surfaces which are 
perfectly diffusing. For, if these 
surfaces do not absorb any light, 
then the number of lumens incident 
on them is equal to the number of 
lumens transmitted or reflected, 
and the illuminance in lumens per 
square meter equals the luminance 
in meter-lamberts. 

Besides the mks units given 
above, there are many others in 
widespread use. They differ from 
the mks units only in the fact that 
different units of area are used. 
Tables IV and V give the names 
and the relative magnitudes of the 
more commonly used units of illu¬ 
minance and luminance. 

Photometric MeoBuromentt 

The methods of light measure¬ 
ment may be divided into two 
classes: visual photometry, and 
physical photometry. 

In visual photometry the human 
eye is used as the detector. Al¬ 
though the human eye is incapable 
of measuring, it is capable of fairly 
accurately judging the equality of 
luminances of adjacent areas. In a 
visual photometer, two adjacent 
areas of a screen are illuminated by 
a calibrated source and an unknown 
source. The observer adjusts the 
illuminance on the half-field pro- 


TciU 9 IV—Convaraion Factors ior Units of Illiiminapcs 


Unit 

Lumen/M* or 
Meter-Candle 
or Lux 

Luroen/Ft* 

or 

Foot-Candle 

Lumen/Cm* 
or Phot 

Millilu- 
mcn/Cm* or 
Milliphot 

One 

Lumen/M* or 
Meter-Candle 
or Lux 


1 

0.0929 

0.0001 

0.1 

One< 

'Lumen/Ft* or 
Foot-Cfoidle 


10.76 

1 

0.001076 

1.076 

One* 

Lumen/Cm* 
tor Phot 


10,000 

929 

1 

1,000 

One* 

fMimiu- 1 

men/Cm*or 

[Millet J 


10 

0.929 

0.001 

1 
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Tobl^ V—Convonion Factors for Units of Luminonco 


UNITS 

Candle 
per Rq Cm 

Candle 
per gq In. 

Candle 
l>er sq Ft 

Candle 
per sq M 

Cm- 

T.aml)ert 

Foot- 

Lambert 

Milli- 

Lambert 

Meler- 

Lambert 

One Candle/Cm^ or Stilb 
One Candle/In* 

One Candle/Ft* 

One Candle/Meter 

1 

0.1550 

0.00108 

0.0001 

6.452 

1 

0.00694 

0.000645 

929 

144 

1 

0.0929 

10,000 

1,550 

10.764 

1 

3.142 

0.4869 

0.00338 

0.0003142 

2,919 

452.4 

3.142 

0.2919 

3,142 

486.9 

3.38 

.3142 

31,420 

4,869 

33.82 

3.142 

One Cm-Lambert 

One Foot-I^mbert 

0.3183 

0.000343 

2.054 

0.00221 

295.7 

0.3183 

3,183 

3.426 

1 

0.0010764 

929 

1 

1,000 

1.0764 

10,000 

10.764 

One MilUlambert 

0.000318 

.002054 

0.2957 

3.183 

0.001 

0.929 

1 

10 

One Meter Lambert 

0.0000318 

0.0002054 

0.02957 

0.3183 

0.0001 

0.0929 

0.1 

1 


Intensity (measured along line of sight) {>er unit of area (measured in plane normal to line of sight) 


duced by the calibrated source, (by 
varying the distance between source 
and screen) until he judges the 
two half-fields to be equally bright. 
The better visual photometers 
(such as the Macbeth Illuminom- 
eter) use a Lummer Brodhun cube 
to split the field. Relatively accu¬ 
rate measurements may be made 
with visual photometers only if the 
chromaticities of the calibrated and 
unknown sources are approximately 
the same. Although a series of fil¬ 
ters may be used to relieve this limi¬ 
tation, measurements upon sources 
of different colors (heterochro- 
matic photometry) are generally 
subject to considerable errors un¬ 
less a flicker photometer is used. 

In physical photometry, the de¬ 
tector is generally a photovoltaic 
or photoemissive cell. A cell cor¬ 
rected with a suitable filter, so that 
its sensitivity throughout the spec¬ 
trum is proportional to the stand¬ 
ard luminosity curve will give 
standard photometric values re¬ 
gardless of the color of the light. 
The most important error in phys¬ 
ical photometry is generally due to 
the difference between the spectral 
response of the cell and the stand¬ 
ard luminosity curve. Other errors 
arise from the directional, temper¬ 
ature and fatigue characteristics of 
cells. Most commercial light meas¬ 
urements are now made using a 
photovoltaic cell with a correcting 


filter to give a response typical of 
the human eye. 

Although physical photometry is 
obviously the ideal, visual photo¬ 
metry will continue to be used be¬ 
cause no portable physical photom¬ 
eter has as yet been developed which 
is as universal a light measuring 
instrument as the Macbeth Illu- 
minometer. It can be used to meas¬ 
ure the light from small or large 
areas and, with suitable filters, 
covers a very wide range of inten¬ 
sities. For trained observers, the 
Macbeth will yield reasonably ac¬ 
curate and consistent results over 
a wide spectral range. The correct 
manner of using the Macbeth illu- 
minometer is given in the instruc¬ 
tion book issued by the manufac¬ 
turer (Leeds and Northrup). 

However, because of the spectral 
distribution of the light emitted by 
cathode-ray tubes and in the case 
of semiroutine measurements espe¬ 
cially by nonspecialists, it is pref¬ 
erable to use a physical pho¬ 
tometer. A barrier-layer cell 
photometer, such as a Weston Pho- 
tronic cell with a Viscor filter, will, 
under the circumstances, often yield 
more consistent and more standard 
results than those obtained with a 
Macbeth if as much care is taken 
in its calibration and reasonable 
care is exercised in following pro¬ 
cedure (such as that outlined by 
L. E. Barbrow, A Photometric Pro¬ 


cedure Using Barrier-Layer Pho¬ 
tocells, Jour, of Res. Nat. Bureau 
of Standards. 26, 708, 1940). How¬ 
ever, the barrier-layer cell photom¬ 
eter is not very suitable for the 
measurement of very low intensi¬ 
ties, or of the ratio of luminance 
of small areas, as is required in 
measuring contrast gamma and 
hum. Under these circumstances it 
may be necessary to use the Mac¬ 
beth and, whenever possible, cali¬ 
brated filters to match the color of 
the light from the luminescent 
screen should be used. 

The measurement of contrast, 
gamma and hum involves primarily 
the measurement of light intensity 
ratios. The absolute value of lu¬ 
minance need not be known and 
the spectral characteristic of the 
light stays approximately constant 
throughout the measurement. It is 
believed that a physical photometer, 
such as a well stabilized vacuum 
photocell arrangement preferably 
with an optical system, and several 
field limiting apertures should be 
developed for the purpose. 

The following proc^ure may be 
used for measuring with a barrier- 
layer cell the luminance (bright¬ 
ness) of a uniformly emitting area 
of a cathode-ray tube screen: (1) 
Place a good mask with an opening 
of accurately known area A over 
the tube face. (2) Locate the odi 
facing the tube and one foot away. 
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The luminance in foot-lamberts 
is then izE/A where E is the read¬ 
ing of the meter in foot-candles. If 
the area (in square feet) of the 
aperture in the mask is standard¬ 
ized, then the factor n/A can be 
included in the calibration of the 


meter and thus the luminance in 
foot-lamberts may be read directly. 
The largest linear dimension of the 
aperture in the mask should be kept 
below six inches, if the error, due 
to the assumption that the inverse 
square law holds for extended sur¬ 


faces, is to be less than about 0.06. 

The same procedure may be 
adopted in the case of projection 
receivers, except that here the lu¬ 
minance should be measured at 
least in two directions: normal 
and a preassigned value. 


Simplified Television System 

A new iconoscope makes possible circuit simplification and permits reproduction on 
the receiving cathode-ray tube screen comparable to newspaper half tones. Complete 
circuit details are given for the 250-line 60-frame system 

By R. E. BARRETT and M. M. fiOODMAN 


A major step toward reducing 
the cost of a television system has 
been made with the introduction 
of a new two-inch iconoscope, the 
RCA 6627. It is relatively inex¬ 
pensive and has been designed so 
that the equipment associated with 
it can be compact, simple, and 
economical. For a satisfactory pic¬ 
ture with this pickup tube, only 
about 1,000 foot-candles of incident 
illumination are required. This 
amount of light is roughly the 
same as that used in present tele¬ 
vision broadcasting studios and 
can be obtained with three 200- 
watt lamps placed four feet from 
the subject An outdoor scene 
televised by the 6627 on a normal 
sunny day produces a picture, 
when viewed on a 7GP4 directly- 
viewed kinescope, comparable in 
quality to a newspaper reproduc¬ 
tion of a photograph. 

Although the tube is designed 
to operate with 800 volts on the 
accelerator electrode, it will per¬ 
form satisfactorily at 600 volts 
with only a slight loss in picture 
definition. The small area of the 
mosaic permits the use of a low- 
cost lens such as the lens of a 86- 
mm camera having a speed of F :8.5 
or greater. 

Although the tube uses deetro- 
static defiection rather than the 
more expensive and cumbersome 
dectromagnetic deflection system, 


good picture definition is obtained 
through the use of the wartime- 
developed fine-spot cathode-ray gun 
with balanced defiection. The 
resolution capabilities of the tube 
are exceptionally good, and as 
measured by television standards, 
(lines per picture height) are 260 
lines. The difficulty from non- 
uniform background signals, or 
dark spots found in all iconoscopes, 
is ordinarily not troublesome in 
industrial applications and, there¬ 
fore, very satisfactory pictures are 
obtained without the use of shading 
signals. In addition, the tube does 
not require keystone correction. 

The system illustrated in Fig. 1 
contains all of the components 
necessary to give a good television 
picture and can be adapted to a 
transmitting and receiving sys¬ 
tem. The sensitivity and resolu¬ 
tion of the system, together with 
the modest cost of components, 
make it applicable to many uses 
in both the industrial and educa¬ 
tional fields. The adaptability of 
the system and its excellent per¬ 
formance make the system ex¬ 
tremely versatile and provide a 
wide range of possible applica¬ 
tions. 

The complete system includes 
the camera and monitor as illus¬ 
trated in the block diagram of Fig. 
2. The scene to be tdevised is 
converted to an electrical signal 


by the pickup tube. This signal 
is then amplified and reproduced 
on the screen of the kinescope. The 
necessary synchronizing circuits, 
blanking amplifiers, and power 
supplies are included. 

Camera System 

The components contained in the 
camera are the two-inch iconoscope, 
a four-stage video preamplifier, 
and the lens mounting. The en¬ 
tire camera housing is made of 
1/16-inch copper and a partition 
of the same material separates the 
camera tube from the video pre¬ 
amplifier. This type of shielding 
is necessary, since the presence of 
spurious signals on the kinescope 
can be very annoying and detract 
from the quality of the picture 
produced. 

Care should also be taken if long 
cables are used between the 
camera and the monitor to filter 
all electrode voltages properly and 
to carry a good low-resistance 
ground between the two pieces of 
equipment. All of the shields for 
the cables and the camera housing 
should be returned to the monitor 
rack and a solid connection made 
at one point only. This will elim¬ 
inate possible pickup loops due to 
nonuniform ground potenti^ 

It is recommend^ that the 
camera tube be operated with its 
second anode at ground potential 
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and its cathode at a high nega¬ 
tive potential. This method of 
(^ration eliminates the need for 
a high-voltage input capacitor to 
the grid of the first preamplifier 
stage, since the signal plate of the 
ieonoseope operates at second- 
anode voltage. Operating the 
iconoscope in this manner also 
eliminates the possibility of coup¬ 
ling hum from the high-voltage 
power supply into the input of 
the video preamplifier. 

The video preamplifier, dia^ 
grammed in Fig. S, consists of 
four stages usim the miniature 
tube type 6AG5. Conventional 
shunt peaking is used to obtain 
a flat response over the range from 
60 cycles per second to 2.6 mega¬ 
cycles. Because of the shunt 
capacitance of the iconoscope sig- 
nid electrode and tiie input stage 
of the first video preamplifier, it 
is necessary to compensate the 
video preanqilifier for the loss of 
high frequencies. The loss of 


high-frequency picture intelligence 
may be observed on the kinescope 
as a black streak following a black 
bar on a white background. The 
action of the compensation stage 
is to reduce in amplitude the low- 
frequency response and to amplify 
the high frequencies, giving an 
overall linear response with re¬ 
duced amplitude over the desired 
bandwidth. Over-compensation of 
the amplifier, that is, peaking tiie 
high frequencies too much, is evi¬ 
denced by a white streak following 
a black bar on a white background. 
The output of the video preampli¬ 
fier is fed over a 75-ohm coaxial 
cable, at a level of 0.6 volts peak- 
to-peak, to the gain control at the 
input to the video line amplifier. 

OpHeel Systea 

The lens mount and optical fo¬ 
cusing system for the camera con¬ 
sist of two pieces of eoneentrie tub¬ 
ing. The smaller tubing has the 
lens mounted on one end and the 


inside surface of this tubing is 
painted a matte black to reduce in¬ 
side wall reflections. The larger 
tubing is solidly mounted on the 
front panel of the camera. 

Optical focus is obtained by slid¬ 
ing the smaller tubing back and 
forth on its axis inside the larger 
tubing. The two pieces of tubing 
take the place of a bellows since 
they are light tight and give a wide 
range of focus. Because of the small 
mosaic in the two-inch iconoscope, a 
physically small lens with a large 
opening (F:2 or F:3.6) and a short 
focal length (2 to 8 inch) may be 
used. A short focal length lens of 
this type is inexpensive and easy 
to obtain. 

It is also desirable to have an 
adjustable iris on the lens so that 
best light conditions can be ob¬ 
tained. With this simple optical 
system a good picture of about 260- 
lines resolution can be obtained 
with about 1,000 foot candles scene 
illumination. 

Vide* Lias AmpUter 

The video line amplifier. Fig. 4,. 
uses three 6AC7 type tubes as am¬ 
plifiers and, like the video preampli¬ 
fier, uses conventional shunt peak¬ 
ing to obtain a flat response from 60' 
cycles per second to 2.6 megacycles. 
The output of the amplifier is a vi¬ 
deo signal complete with horizontal 
and vertical kinescope blanking 
pulses and is capable of producing 
a 40-volt peak-to-peak signal to- 
drive the grid of the 7GP4 kine¬ 
scope. 

Because this system was not de¬ 
signed for transmitting a video 
signal, the insertion of synchronis¬ 
ing pulses was eliminated. These- 
synchronizing pulses could be in¬ 
serted into the line amplifier after 
the blanking insertion stage. In 
this ease, the output of the video 
line amplifier would be a composite 
video signal with the synchronia- 
ing pulse superimposed on the 
blanking pulses. This output could 
then be eonided into a video modu¬ 
lator for transmission of a televised 
picture. 

The standard mefliod of inter¬ 
laced scanning for both the Idne- 
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FIO. 2—^Bloek diogrom of tolovltloa ccmioKi cmd 
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scope and the iconoscope was re¬ 
jected in favor of a simpler method 
to keep the expense low and physi¬ 
cal size of the equipment small. The 
60-cycle-per-second relaxation os¬ 
cillator synchronized to the 60- 
cycle-per-second power frequency 
supplies the vertical time base. This 
simple oscillator synchronized with 
the power frequency is stable 
enough to eliminate ^e need of a 
speed control. A free-running 
multivibrator operating at approxi¬ 
mately 15,000 cycles per second sup¬ 
plies the horizontal time base. These 
frequencies give a 250-line, 60- 
frame noninterlaced scanning ras¬ 
ter, which when properly blanked, 
gives a stable picture. 

Verfleol end Herhosfal Oscillafort 

A 6AC7 tube is used for the ver¬ 
tical oscillator, as shown in Fig. 
6A. The frequency of oscillation 
is determined by the tube capaci¬ 
tance in conjunction with the RC 
constants in the screen-grid and 
suppressor-grid circuits. A 60- 
cycle saw-tooth voltage is developed 
in the plate circuits of this oscil¬ 
lator and coupled into a 6SN7-GT 
phase inverter. 

The output of the inverter stage 
is a push-pull saw-tooth voltage of 
sufBcient amplitude to scan the 
iconoscope in the vertical direction. 
The screen circuit of the 6AC7 ver¬ 
tical oscillator produces a straight¬ 
sided pulse of approximately 20 
volts peak-to-peak which is used as 
the driving pulse for the kinescope 


vertical scanning. With this 
method both the iconoscope and 
kinescope vertical scanning systems 
aUK in synchronization. 


The horizontal synchronizing 
pulses and driving pulses are de¬ 
rived from a free-running cathode- 
coupled multivibrator utilizing a 
6SC7, as shown in Fig. 6C. The 
cathode of the horizontal multivi¬ 
brator produces a positive straight- 
sided pulse which is coupled to a 
6J5 discharge tube; this cathode 
pulse is also used as the driving 
pulse for the horizontal kinescope 
scanning. The output of the hori¬ 
zontal discharge tube is coupled to 
a 6SN7-GT phase inverter and 
pushpull output tube which pro¬ 
duces the horizontal deflection for 
the iconoscope. 

Across the cathode resistor of 
the vertical oscillator, a straight- 
side negative pulse of approxi¬ 
mately eight volts peak-to-peak is 
developed. In the plate circuit of 
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the horizontal multivibrator, a simi¬ 
lar straight-sided negative pulse is 
produced. These two pulses are 
combined in the 6SL7-GT pulse- 
mixer tube, Fig. 6B, and then am¬ 
plified in the 6SL7-GT blanking 
amplifier. The kinescope mixed 
blanking voltage is developed 
across the cathode resistor of the 
blanking amplifier and fed into the 
second stage of the video line ampli¬ 
fier. The iconoscope mixed blanking 
voltage is taken from the plate of 
the blanking amplifier and fed to 
grid 1 of the iconoscope. Since the 
vertical and horizontal blanking 
pulses are derived from the same 
oscillators that produce the driving 
pulses for the scanning circuits, the 
blanking time is not sufficient to 
eliminate the bright edges which 
appear on the sides of the scanned 
raster. This effect is not desirable 
but it does not detract too much 
from the quality of the picture pro¬ 
duced. 

Deflection Circuits for Kinescope 

The electrostatic deflection for 
the 7GP4 kinescope is developed 
from the horizontal and vertical 
timing oscillators. These driving 
pulses are coupled into the grid 
circuits of a pair of 6J5 discharge 
tubes, Fig. 6, which produces hori¬ 
zontal and vertical saw-tooth volt¬ 
ages. The horizontal and vertical 
saw-tooth voltages developed in the 
plate circuits of the 6J6 discharge 
tube are coupled to a pair of 6SN7- 
GT phase inverter and push-pull 
output tubes. The width control is 
in the plate circuit of the horizontal 
discharge tube, and the height con¬ 
trol is in the plate circuit of the 
vertical discharge tube. 

Rower Sappllos 

The direct-current power supplies 
for the complete television system 
consist of s 880-volt» 800-milliam- 
pere electronically regulated sup- 
ply» two r-f operated high-voltage 
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riG. 8—Circuit of r4 oporutod hlgh-roltago 
supply for tho 5S27 


supplies, and two glow tube regu¬ 
lated supplies. The 330-volt d-c sup¬ 
ply, Fig. 7, operates the deflection 
circuits, the video amplifiers, the 
blanking amplifier, and the oscilla¬ 


tors for the high-voltage supply. 
One r-f high-voltage supply, Fig. 8, 
operates at —1 kilovolt maximum 
and is capable of one milliampere 
current drain. This supplies the 
focus and P.. voltage for the icon- 



FIG. 9 — ^n<l-oporotod hlgh-Toltugo supply 
for tho 7GP4 


oscope. The second r-f high-volt¬ 
age supply, Fig. 9, operates at 
—three kilovolts and supplies focus 
and P, voltages for the 7GP4 kine¬ 


scope. The two glow-tube regulated 
supplies. Fig. 10, operate at —75 
volts output voltage and produce 
electrostatic centering voltages for 
the iconoscope and kinescope. 

All of the components in this 
simplified television system may 
easily be mounted on a standard 
rack measuring 22 x 47 X 17 
inches. The camera unit, however, 
may be mounted separately in a 
small compartment 4 x 12 x 6 
inches and cabled to the monitor 
rack. All of the components may 
be cabled together by means of 
Jones plugs or Amphenol connec¬ 
tors. In this way, any components 
may be removed from the rack for 
servicing or study without unsolder¬ 
ing any connections. 

Operating tests have proved that 
this television equipment is reliable 
and stable. Under proper lighting 
conditions, it is possible to obtain 
a good television picture with suffi¬ 
cient detail to meet the require¬ 
ments of most industrial or educa¬ 
tional needs. The equipment is small 
and compact and because of its sim¬ 
plicity, does not require highly 
trained personnel. 
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Design of Transmission Line Tank Circuits 

Graphs are presented based on equations for short-circuited lines. From these graphs, 
dimensions of a concentric or parallel line for a given frequency, impedance, and selec* 
tivity can be directly determined, along with conditions for optimum efficiency 


A STBAIOHTFORWABD procedure is 
outlined for the design of 
transmission line tank circuits. At 
high frequencies, short-circuited 
transmission lines are often used to 
replace inductances in tank circuits. 
This paper discusses tank efficiency, 
condition for resonance, impedance 
of tank circuit, conditions for max¬ 
imum impedance, and selectivity of 
the tank circuit. Specifically, de¬ 
sign charts are given for concen¬ 
tric and shielded parallel line tank 
circuits having dimensions as shown 
in Fig. 1. 

The purpose of the plate tank 
circuit of any class-C amplifier or 
multiplier is to transfer eflSciently 
to the load the power delivered by 
the plate of the tube\ The unloaded 
impedance of the tank circuit should 
be 10 or 20 times the loaded im¬ 
pedance. The tank efficiency in per¬ 
cent is then 


100 


Jg> 


( 1 ) 


where Bo is the unloaded imped¬ 
ance of the tank, and Rl is the im¬ 
pedance coupled into the tank from 
the load. This equation can be writ¬ 
ten in the form 


100 


Qv 


( 2 ) 


where Qo ia the unloaded tank Q, 
and Ql is the loaded tank Q. Both 
equations, of course, yield the same 
result 

The condition for resonance of a 
. loaded transmission 
line Is defined by the equation 


By WALTER C. HOLLIS 

Xc - Zo tan (M/X) (3) 

where Xo is the reactance of load¬ 


ing capacitor in ohms, is the 
characteristic impedance of the line 
in ohms, given in Fig. 2, I is the 


Vary High Fraquancy Ampliftar—Pomdlal VHra Tonk Clrciiit 

A 823-A beam tetrode is to be used iu a push-pull class-C ami^fier in the 
144 to 148-inc amateur band. Space considerations limit the outside diameter 
of the shield to 3 in. and the length to 6 In. or 15.2 cm. In the design of a 
shielded parallel wire tank circuit, using the notation of 1, c is determined 
by the spacing between plate leads from the tube, which is 0.848 in. A ss umin g 
i(-in. wall tubing Is used for the outer conductor, making 6 2.875 in. or 

7.3 cm, then 

q^e/bm 0.848/2.875 - 0.295 

Using q •* 0.3, we ^d (from Fig. 5) that maximum unloaded tank impedance 
occurs at r 18 add # (r,g) 9,520. For this value of r, a 6/r 2.875/18 

«■ 0.16 in. which can be amiroxunated by using Arin* tubing. The charao- 
teristic »(from Fig. 4) then 265 ohms. At 146 me, the wavelength 

Is (3 X 1(H)/146 • 205 cm, ijx Is 15.2/205 - 0.074, and C/X is (from Fig. 3) 
equal to 0.04, hence C is 0.04 X 205 * 8.2 /<Mff which Includes the tube 
The unloaded tank impedance is found from Eq. 7, for which 
^(!/X) is (from Fig. 3) equal to 0.23 

- VM (m) d«/M - 7.3(1461)9,520(0.23) - 194,000 ohms 
and the Q (from Eq. 8), for which l(r,g) is (from Pig. 6) equal to 17.8, is 
^ . VI #{m) - 7.3(1461)17.8 - 1,570 
Assuming that 20 watts are ddiveired to the load at 900 volts peak to peak 
plate swuig, givina Rl Ef^/2P * 20,200 edims, we find (using Eq. 1) 
that the t^nk dr^t ^dency is 

m.OM S;266 " ® 

which is quite satisfactory. The accompwy^ drawing shows the drouit 
the construction of the output tank circuit 
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Citizens' Bcmd Class-C Amplifier—Concentric Line Tank Design 

A 2C40 dUc-seal tiibc^ is to be used as a class-C umplilier in the citixeiis* 
band at 463 me. The tank circuit is to be a concentric line with the outer 
conductor at 2>in. outside diameter by iV-in. wall copper tubing. The load¬ 
ing capacitance is to be which indudes tube and tuning capacitance. 

Using the notation of Fig. 1, the diametric ratio r for the optimum Q with 
fixed loading capacitance is found (from Fig. 6) to be between 3.6 and 9.2. 
Assume that the outside diameter of the inner conductor a is to be H in- 
or 1.27 cm. The value of b (inside diameter of oiit«r conductor) is IJ/g in. 
or 4.76 cm. Thus 

r . 6/a « 4.76/1.27 « 3.75 

Usin^ this value of r, we obtain (from Fig. 4 for a concentric line) a charac¬ 
ter istic impedance Zo of 80 ohms, a value (from Fig. .5 for a concentric line) 
for the function ^ (r) of 6.700 ohms, and (from Fig. 6 for a concentric line) 
a value of 42 for the function 0 (r). Furthermore, from the foregoing values, 
the product/CZo appearing in Kq. 4 is. for C in M^f (not farads) 
fCZo - (465 X 10«) 2 (80) - 7.45 X W 
Thus (from F^ig. 2) //X ** 0.18. The wavelength X is (3 X 10^)/465 « 64.5 
cm. therefore I is 0.18 X 64.5 i- 11.6 cm or 4.57 in., which gives (from Fig. 3) 
^ 0 / M 0.54. Then the unloaded impedance of the tank circuit (from 

£q. 16) is 

Ro - 6/* (r) 4»(//X) « 4.76(4651)6,700(0.54) « 372,000 ohms 

and the Q (from Eq. 17) is 

Q - bfk ${r) « 4.76(4651)42 - 4,320 

The drawing shows the mechanical arrangement of the tank circuit. The 
cathode line can he designed by the same method. 



length of line in cm, and X is the 
wavelength in cm. 

Equation 8 can be rewritten as 

^ tan“' (Xc/Zo) ^ 

X” “ 2ir " 

tan~« (1.59 X WfCZo) 


where / is the resonant frequency in 
me, and C is the loading capacitance 
in (qif. This relation is shown in 
Fig. 2 together with the relations 
for length in electrical degrees. 

In some cases, the length may be 
fixed by physical limitations in size. 
Under these conditions, Eq. S can be 
rewritten as 

6.3 


This relation is plotted on Fig. 8, 
using the lefthand scale, for several 
values of Zq. 

Impadaace osd Selectivity ef Tosk 

The unloaded impedance of the 
tank circuit is given by the equa¬ 
tion 

4irZo* r 1 - C 08 (4irl/X) 1 

® “ Rt\ L (4irl/X) + till (4»1/X) J 
- 4.19 X 10^ (/Zfl^/«.) 0 ( 1 / X) (6) 
where Ra is the series resistance of 

the line in ohms per cm and (l/\) 
is given on Fig. 8 using the right- 
hand scale. The derivation of Eq. 6 
is given in Appendix 1. 

As will be shown later, Rs = 
K (f'Vb) where A is a function of 
the line geometry and material, and 


b is an outside dimension of the 
line geometry. Equation 6 becomes 

^ (a, 6, c, . . .)0(1/X) (7) 

where a, b, c, . . . are dimensions of 
the line geometry. The function 
V' (a, b, c, , . .) is readily deter¬ 
mined for any line configuration for 
which Zo and Ra can be analytically 
defined. Later ^ (a, b,c,. . .) will be 
determined for concentric and 
shielded parallel lines. 

Transmission line reactances 
vary more rapidly with frequency 
than lumped reactances; as a result 
the selectivity expressed as the Q is 
larger than for an equivalent 
lumped reactance. The following 
equation is derived in Appendix II, 
assuming a lossless loading capac¬ 
itance 


CONCFNTRIC LINE 



r * b/0 


SHIELDED PARALLEL LINE 



»..H 

r • b/o 
q c C/b 
p«c/o > rg 


FIG. l^A) 8ii# ol eoiieeiitiie lias is sx- 
prssssd by dlrnsnslonlis ratio. (B) 8lio 
ol sKloldod porallol U&o Is oaqpiossod by 
two dlmonsioitlsss ratios 
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Q-2.09Xia^/(Zo/-«#) 

. . .) ( 8 ) 

Equation 8 shows that the selectiv¬ 
ity is independent of the length, a 
rather unexpected result. Because 
a = Ra/2Zo, it is readily seen that 
the condition for maximum selec¬ 
tivity is the same as for minimum 
attenuation. 


CoaditioRt for Maximum ImpodaRCo 

From the standpoint of tank efP- 
ciency, it is desirable that the un¬ 
loaded tank impedance be as large 
as consistent with good design. The 
conditions for maximum impe¬ 
dance are readily determined for 
two extreme cases. They are (A) 
length limited by physical consider¬ 
ations of size and (B) loading ca¬ 
pacitance fixed at a certain mini¬ 
mum determined by maximum tube 
capacitance. 

(A) Length Fixed—It is readily 
seen from an examination of Eq. 7 
that the maximum impedance oc¬ 
curs at the maximum of the func¬ 
tion ^ (a, 6, c,...), because ^ (lA) 
is constant. 

(B) Loading Capacitance Fixed 
—Let us start with Eq. 6. From ob¬ 
servation of <l> (l/X) on Fig. 2 it is 
readily seen that (lA) is approxi¬ 
mately linear to (lA) = 0.16. Us¬ 
ing the series expansion for sin 
(4wZA) and cos (4xIA) and neglect¬ 
ing terms of higher order than two, 
we obtain 


((/X) <0.15 (0) 

But the condition for resonance de» 
mands that 


l/\ - (Xc/Zo) ^ Xc/2wZo 

(l/\) <0.08 
or 

- Xcmo ( 10 ) 

Substituting Eq. 10 in Eq. 6, we 
obtain 

Ro - 2.09 X 10-^/ X. (Zo/Rm) « 
bf^e(a,b,e, . . .) Xo (11) 

Equation 11 is seen to be Eq. 8 mul¬ 
tiplied by Xo. Thus the maximum 

impedance occurs at the maximum 
for the selectivity. This relation is 
true only for short lines. For longer 
lines, the condition for maximum 
impedance increases toward the 


condition for the maximum for fixed 
length, because for Xc/Zo decreas¬ 
ing, l/l approaches a limit of 0.26, 
a constant. 

All the needed equations have 
been presented for the general case. 
Equations 6 and 7 give the relations 


for unloaded impedance Ro, and Eq. 
8 the relation for selectivity or the 
Q. The proper relations can be de¬ 
termined readily for any line con¬ 
figuration for which Zo and Rb can 
be determined. 

The remainder of the discussion 
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will be concerned with the specific 
relations for concentric lines and 
shielded parallel lines. 

Let us define the following par¬ 
ameters: a is the outside diameter 
of inner conductor, h is the inside 
diameter of outer conductor, c is the 
center to center line spacing in cm, 
and pb is the skin effect surface re¬ 
sistivity of the conductor in ohms 
per square cm. These dimensions 
are shown on Fig. 1. 

Let us determine p^, as it enters 
into the calculation for all line con¬ 
figurations. Resistivity /j«, is de¬ 
fined as 

Pi - p/a ^ ( 12 ) 

where p is the specific resistivity of 
material in ohms per cubic cm and 
I is the skin depth in cm. For cop¬ 
per at 20 C, p = 1.724 x lO'* ohms 
per cm cube, and S = 6.62 x 10 * 
per cm. Therefore, p, for copper 
becomes 

Pi - 2.61 X (13) 

For other materials, ps is propor¬ 
tional to the square root of the re¬ 
sistivity of the material relative to 
copper. 

Concentric Lines — Using the 
above notation, Ramo and Whin- 
nery* give the following relations 
for Z. and 

go-60 In (6/a) (14) 

- 3.61 X 10-*/^ a + 6/«)M 

.8-.31X10"/^ (n-l) a« 

Equation 6 then becomes 

Ro - 18,160 an J>/o)V(V^)/(l + 

h/a) - 6/^^(r)*(I/X) (16) 

where r = b/a. Substituting Eq. 14 
and 16 in Eq. 8, we obtain 

Q > 161 6 />^ In (6/o)/(l + 6/a) - 

(17) 

Equations 16 and 17 have been de¬ 
rived independently by Hansen's 
derivation.* 

Shielded Parallel Lines—^Using 
the same notation, Ramo and Whin- 
nery* give the following relations 
for Z, and R, 

3.»130)i.[33^]- 

l^(l-6rt[ (U) 


» 1.66 X 10 -*^ j 

(1 - 4«*)] + 4,* [l + ^ - 


where r = h/a, q = e/h, and p = 
c/a = rq. Substituting Eq. 18 and 
19 in Eq. 6 and 8, we obtain ^(r,q) 
and 6 (r,q) respectively. 

Figure 4 shows characteristic im¬ 
pedance versus r for concentric and 
shielded parallel lines (the latter 
for several values of q ); Fig. 5 
shows unloaded tank impedance 
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FIG. 6—S«l#ctlTit7 lunction (••• Eq« 8) IndleotM optimum rolotiTo lino dimoniioni 
lor cmy oppUcotloa. If dotign Is bogun with this graph, optimum tank ofllcioncy can 

bo obtoiaod 


versus r and q, and Fig. 6 shows Q 
versus r and q. It should be noted 
that the curves for the shielded 
parallel line apply approximately for 
z:z 1 — q. Because relations for 
shielded parallel lines are only ap¬ 
proximate, they do not apply for 
values of p (£q. 18 and 19) close 
to one. As a result, the extrapolated 
curve in this region is shown as a 
dotted line. 


Appeadix I 

Although these transmission-line 
equations are conventional, they 
need to be re-arranged into forms 
more useful for graphical presenta¬ 
tion. 

The formula for the unloaded im¬ 
pedance of a tank circuit can be de¬ 
rived by using the notation of Table 
I. The sending end impedance of a 
short-circuited transmission line is 
given by the equation 

Zb "■ ZotKohyl ■■ g(7taiih(a j0)1 
iiiih2al|-hidn2^ 

S2c-j^^+;tan/JZ (20) 

For a well-designed line d is very 
small, cosh 2al S 1, and sinh 2al ^ 
2 « 2 . 

Next Zcp a and P must be deter¬ 
mined. Both Zc and y = a + are 
defined as follows (transmission 
line tank circuits are usually made 
with air dielectric, therefore Gn is 
zero) 


Zc - (2/'iwCs!*''’ 

- |l - j (21) 

V - = |(/(, +jo,L,) ■' 

- (1 - jR, a.i,)!'-'’ 

But {Rti /<< 1, (h» Czt'**^* = Zos ami 


(LgCaY^^ * ■* ti, therefore 

Zc-- Zo{\ (22) 

7 - \(R, 'idi,) 

^ (2rr/\) \(Ks 2coU) -i j\ 

From Eq. 213, Ra'2<aL»a' fi. Substi 
tuting the value in £q. 22 gives 
Zr «;!ro(l - .ia/0) (24) 


Substituting Eq. 24 into Eq. 20 
gives 


Zb 


a tan 


j ^tan 01 - 


+ 


0 coi* 


)] 


The term coi* 01 ii negligible compared 
to tan 01 , therefore 


Tcdbla I—Symbolic Notation 


Zg -m sending end impedance of line in 
complex ohms 

Zc — oharactedstios impedance of line 
in complex ohms 

Z ■■ aeries impedance per unit f bngth 
of line 

Y shunt admittance per unit length 
of line 

R§ «• series reustance^per unit length 
of line 

series indnotance'per unit length 
of line 

Gb shunt conductance per unit 

length of line 

C§ shunt capacitanoe per unit 

length of line 

a «<• attenuation constant of line 

0 « phase constant of line 

7 *■ propagation constant of line 

M ■> anpdar frequency 




I a tan 0l\ 


+ 



Now resonate the impedance Za 
with a capacitive reactance of 
—jZo tan The parallel impedance 
presented by this combination is 
then 



(Zo tan 01)^ 

Zo|(«Z/cotf W + (a tM W/U 

Zo0 r 1 - COB 2 

“ IT 12/3/ +Bin 2 0 lji 

But 0 -» 2t/X, and a ■■ RbI2Zo^ therefore 
„ 4TZo*r 1-0OB(4irl/X) T 
" 'Tb\ L(4ri/X) -f sin (4x1/X) J 
- 4.10 X 10-^ (fZoyRB)it> (l/\) (27) 


Equation 27 is Eq. 6. 

Appeadlx II 

To derive the formula for selec¬ 
tivity, expressed as Q, of a tank cir¬ 
cuit, consider that ^Xc = XCA/Z/o). 
For a line Terman' gives the equa¬ 
tion 

AX,. « A" (A///r>) (2 flf/sin* 0 i) (28) 

The total change in reactance with 
detuning is 

AX • AXc-^ AX,. 

- X (1-f 2 0 l/B\n^ 01) {Af/So) 

where X = Zn tan 3^. Let i^X/Zn) 
:=:(R/Zo)t which is the condition 
for half power, then 

(tan 0 D (1+2 0 l/m 2 01) (Af/So) - 
, « tan 0 V \ 
00^/91+ 0 

RbI2Zo^ RbX ^ZXU»Rs 
2t/X 4»/Z» 

From the definition of the Q 

Q, 1 __ 

^ 2(AJ/fo) e X lO-gi 
-2.09X10-«/(Zo/fi.) 

which is Eq. 8. 
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Characteristic Impedance of Balanced Lines 



Comparison of three equations for Zo of a balanced two-wire 
transmission line with a cylindrical shield, and expressions 
for the errors in the equations 


By PETER J. SUTRO 


C ONSIDER a balanced transmission 
line composed of two inner con¬ 
ductors plus a shield. The inner con¬ 
ductors are circular cylinders of 
outer radius r whose axes are sep¬ 
arated by a distance 2s. The shield 
is a circular cylinder of inner radius 
R, symmetrically placed with respect 
to the two inner conductors. 

If, by definition, x = r/s and y = 
$/E, the characteristic impedance 
in ohms between the inner conductors 
can be expressed in terms of x, y, and 
the dielectric constant t of the di¬ 
electric filling the line. 

Sommer' derives an expression for 
the capacitance between the inner 
conductors of such a transmission 
line, following a method used by 
Kaden*. This expression can be trans¬ 
formed into 





r,, svd + V) _ 


ia8,< (1 - V - 2»* - 3/) 



This is presumably correct as far as 
the series is carried, the next term 
being one in x*. When the shield is 
removed (tiiat is, as R approaches 
infinity or as y approaches sero) the 
formula reduces to the series expan¬ 
sion of the exact expression for the 


TIiIb work was done in whole (or in i»art) 
under Contraet No. OSMsr-dil ^tween the 
Freest and VeUoWB^of Harrard CdUege 
asd m Ottee of aelentiSe Reaeareh and 
Tol ^ gwt, which aMumea no 


I aaenmea no reaponaihlllty 
accuracy of the atatementa contains 


characteristic impedance of the un¬ 
shielded balanced line 


Zo 


120 

V7 


cosh 




a-’-ra'"- •! "•> 

Thus the error in Eq. 1 always enters 
in the terms in and higher powers. 

The second formula is transformed 
similarly from an expression for the 
capacitance of the line which Som¬ 
mer, in the same article, attributes to 
Breisig*. The result of this transfor¬ 
mation can be written 


Zq db 


120 

VT 


ooah' 


r 1 1 - y« (1 - x«) 
L* H-y*(l -X*) 



This formula is a good approxima¬ 
tion for large values of E, giving a 
value which is too small by an 
amount 


AZf * 


120 J 

^IT( 


^*‘,’(10 + V * + 


** V* 

(1 + »•)« 

...)+ ... 


i 


(2a) 


The error can be seen to go to zero 
when the shield is removed (y = 0), 
as is obvious from the fact that Eq. 
2 then reduces to the closed form 
given above for the unshielded line. 

It is interesting to compare Eq. 1 
and 2 with the formula given by 
TermanS which can be written 



IzJ. 

1 



V) j (3) 

This equation appears to neglect 


terms in y of higher order than y* 
and terms in x of higher order than 
x\ The terms in x* and x* are incor¬ 
rect, however, and the expression 
gives a value which is too small by 


AZo 

2 

32 


120 i 

" VT 1(1 

** (1 + 8i/* - 




(1 - 4i^ - 1^) 


- V*)’ 


(3a) 


Note that while the error in the x* 
term goes to zero if there is no 
shield (y =: 0), the error in the 
X* term does not. 

Breisig’s expression, Eq. 2, is more 
useful on the whole than Eq. 3. If y 
is large, the error in Breisig’s equa¬ 
tion is very nearly the same as that 
in Eq. 8, while for small y the error 
in the second equation is consider¬ 
ably less than that in the third. This 
may be of importance when x is large. 

In general, Eq. 1 is the most accur¬ 
ate. It is better than Breisig’s equa¬ 
tion everywhere except when y is 
very small. In most practical cases, 
it is sufficient to keep only the first 
two terms of Eq. 1, dropping the 
term in x* (which then gives the 
error). On the other hand, Eq. 2 is 
a more convenient form, and is suf¬ 
ficiently accurate for most purposes 
if X and y are not too large (x and y 
are always less than one). 
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Vectorial Treatment of Transmission Lines 

By representing current and voltage as vectors, and distance along the line as phase 
displacement, a clearer treatment of transmission lines is obtained than that given 

by equations. Typical problems are solved 

By J. P. SHANKLIN 


M ost transmission line prob¬ 
lems can be solved by vectors. 
The use of vectors makes the action 
of the line clear and allows visualiz¬ 
ations which would otherwise be 
difficult. 

CeiiditioRS at Load 

Standing waves on a transmission 
line are caused by two waves, the 
incident and the reflected waves, 
traveling in opposite directions. At 
certain points the two voltages add 
and at certain other points they 
subtract. In Fig. lA let Zb = 
2ZJ0\ A 2:1 standing wave ratio 
will be caused by the mismatch, the 
maximum value of which will be 
Eo + Em and the minimum value 
Eo Em and Eo *4* Ea = 2 (Eo 
Em) or 

Eo/Em = 3 (1) 

where the symbols are as defined in 
Table I. 

The load is resistive and higher 
than the line impedance, therefore 
there is a high of the standing wave 
at the load or 

Em = Eo 4" Em (2) 



no. 1—(A) TrcmiaalMion ISao showlag 
rolatten ol pofaiL oiirgo. oad lood In* 
podcBCOf. OBd (B) corroBls and voltages 
ert lood for o load oi 2Z« 


The voltage vectors of Fig. IB may 
be drawn from £q. (1) and (2). 

As to the currents involved, the 
incident current h is considered to 
be in phase with the incident volt¬ 
age Eo but the reflected current Ib 
is considered to be 180® out of 
phase with the reflected voltage iS'j. 
This is because of the sense of di¬ 
rection of flow which has been 
chosen. 

The reflected wave may be con¬ 
sidered as negative power because 
it is returning to the generator. The 
voltages are considered to have the 
same direction sense because both 
are measured across the line. A 
scale for the currents is chosen 
which will make the vectors h equal 
Eo and Ig equal Em in length. The 
ratio of the scales used for voltage 
and current is dependent on the line 
surge impedance Zn according to 
the relation 


Figure 2A is a vector diagram of 
the line voltages and currents for 
the same load as in Fig. 1 but where 
I equals 45 electrical degrees of line. 

A single vector is used to repre¬ 
sent Eo and /o. This vector is ad¬ 
vanced 46® (counterclockwise) from 
the position of Eo and h in Fig. IB 
because the incident wave will 
reach this point earlier. The vector 
Eb is drawn from the terminal of 
vector Eo, h and retarded (clock¬ 
wise) 46® since the reflected wave 
reaches this point later. 

The vector sum of Eo and Eg re¬ 
sults in the line voltage vector Eg. 
The vector h is drawn as before, 
180® out of phase with En. The 
vector sum of lo and h results in 
the line current vector h- This dia¬ 
gram reveals that 

= Es/In — Z„ /—37 

and also that the phase angle of Ea 
and h relative to Eg and h can be 
measured. 

Figure 2B is the vector diagram 


Scale Ratio ^ Zo Eo/lo == 

EbIU (3) 


















*!•» ''' 






fA.'i 


FIG. 2 —Cofroat oad 
2Z. (A) 49 aloelrleal 


rakrtloas lor a lino 
froBi the load, oi 


tonalaoM la a rotlilaaeo of 
id (8) 110 oloetrleai dogiaoi 
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FlC. 3—^V»ctorlal r«prM«ntatlonft of condltloni at a complox load (A), and 
•om» diotanco from it (B) 


when I is 110° and yields the follow¬ 
ing data 

Zm = 0.608 Z/26°. 

h is 100° ahead of load current /jt. 
Ea is 126° ahead of load voltage En* 
Figure 3A is the vector diagram 
at a complex load 1.35 Z. /—49°. 

First the vectors 1r and En are 
drawn, making Eh equal 1.35 h and 
current leading 49°. h has been 
taken on the zero or reference axis 
although this is immaterial. 

Connect the terminals of h and 
Er and plot a point in the center of 
this line. This point is the terminal 

TAIL! I 

DENNITION OF SYMBOLS USEP IN 
THE TEXT 


Fo, 1 0 —Incident voltage and cur¬ 
rent at the load 

JFjt, I h —Voltage and current across 
load Zn 

Ea, la —Voltaro and current re¬ 
flected by the load 

Ea, la —Voltage and current a dis¬ 
tance I from the load to¬ 
ward the genera t4ir 

Zo —Surge impedance of the 

transmission line 

Za —Impedance of the termi¬ 

nating load 

Za —Impedance at a point on 

the transmission line 

I —Distance along trans¬ 

mission line measured in 
electrical degrees from the 
load toward the generator 

For other symbols used in text, see 
circuit diagrams 


of the Eo, h vector, h can be seen 
to be the vector sum of /« and hy 
and Er the vector sum of Eo and 
Er. The Eo, Io and Er, h vectors 
have now been determined so that 
the vector diagram for any point on 
the line may be drawn. 

Figure 3B is the vector diagram 
209° away from the load. The Eo, 
la vector has been rotated 209° 
counterclockwise from its position 
in Fig. 3A and Eh and h have been 
rotated clockwise 209° from their 
positions in Fig. 3A. 

Antaaaa Faedlag 

A problem sometimes encount¬ 
ered in a high-frequency array is to 
feed three dipoles in phase, the 
center dipole to be fed 1.5 times the 
current of the outer dipoles. This 
problem is similar to that of feed¬ 
ing the towers of a broadcast trans¬ 
mitter at the necessary current 
amplitudes and phases to develop a 
required radiation pattern. 

The feeding system is shown in 
Fig. 4A. Because the end an¬ 
tennas were similar, they were com¬ 
bined reducing the circuit to that of 
Fig. 4B and impedances expressed 
in terms of the feed line imped¬ 
ances. Fig. 4C is the vector dia¬ 
gram at the Z^ load and Fig. 3A the 
vector diagram at the Za load. Note 
that the two load current vectors 
are drawn to satisfy the antenna 
requirements. That is, they are in 
phase, and the length of /« Fig. 4G 
is scaled two units representing 
current in both end dipoles, and la 
of Fig. 8A is scaled 1.5 units. 
There are three requirements to 


be met: (1) dipole currents must 
be in phase, (2) dipole currents 
must be in a 1.5 to 1 amplitude ra¬ 
tio, and (3) a resistive 50-ohm load 
must be presented to the 50-ohm 
line. Using the two variables U and 
li it is probable that any two of 
these requirements can be satisfied. 
The first two have been chosen be¬ 
cause they must be satisfied before 
the lines are joined. The loads must 



FIQ. 4—^Dalsnalnotioii of iooding oon- 
dlttoa for o throoHiloiiiont array eon 
bo mod# TOCtorlaUy. Tbo glvoa coa- 
dlttons or# shown at (A), whldi eon 
bo shapllilod to (B) from which voctors 
ot tho vppor oatonna eon bo plottod 
(C). Voctors lor tho lowor oqulvfdoat 
aatonaa oro os ot (A) In Fig. 3* Tho 
ongulor distoaco ot which Toltogos on 
oatOBao food linos oro in phoso Is do- 
tormlaod Irooi (D) end (B) 
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give enough reflection to cause suf¬ 
ficient impedance variations along 
the lines to make a solution pos¬ 
sible. 

It is then necessary, by drawing 
trial vector diagrams for different 
lengths of h and U, to find the 
lengths which will fill the first two 
requirements. Because the loads do 
not greatly mismatch their lines, 
lengths near even X/2 multiples 
were tried in hopes of also partially 
satisfying requirement (8). Also, 
it is apparent that it must be longer 
than li because the current in Z» is 
to lead the current in Zi by 89® and 
must therefore be retarded. 

Figure 4D is the solution. In 
order to connect the two lines to¬ 
gether their voltages must be equal 
and in phase. The apparent differ¬ 
ence in amplitude of the Eg volt¬ 
ages in Fig. 4D and E is due to 
2:1 ratio of scales used for the 150 
and 75-ohm lines. The current 
scales, however, are equal. 

Figure 5 is the vector diagram 
of the input currents and voltage 
at the juncture of h and L The cur¬ 
rents Ii and /; in the two lines are 
added vectorially to give the 50- 
ohm line current 7... The Eg vector 
is the same vector as Eg of Fig. 4D 
and 4E except that the voltage scale 
has been changed to conform to a 
50-ohm line. The input impedance 
of 1.1 Z^ /—21.5® would be consid¬ 
ered satisfactory for most high-fre¬ 
quency work. 

The impedance 55 ohms /—21.5® 
may be matched to the 50-ohm line 
by the short-stub corrector shown 
in Fig. 6A. First draw the vector 



FIG. 5—At the innelttr# ol the toed 
Ubm oI Fig. 4B the voltages ond cur- 
roots hove this rokrtloo os dotonolnod 
from Fig. 4D ood 4E 


diagram of Fig. 6B at the load. As 
Ih is leading Eg an inductive or lag¬ 
ging current will be needed to bring 
them into phase. Also, the length 
of the h vector must equal the Eg 
vector to represent a 50-ohm load. 

Next draw the diagram of Fig. 
6C. Draw the Eo, h vector of Fig. 
6B at any angle (180° in Fig. 6C). 
From the terminal of Eof h strike 
an arc of radius equal to Eg- Draw 
the vectors Eg and Eg, making the 
angle between them 90°. Draw h 
and U. Ic will then represent the 
inductive current to be drawn by 
the correcting stub. Note that it 
lags 90® behind the voltage Eg 
across the stub. 

The 50-ohm line current /«, is the 
vector sum of h and the input cur¬ 
rent 7s to line The angle between 
Eo and Eg in Fig. 6B is 105.5® and 
the angle between Eo and Eg in Fig. 
6C is 79®. The difference of 26.5® 
is caused by their rotation in travel¬ 
ing over the length of line h. The 
electrical length of U will be half 
this amount or 13.25® because the 
vectors rotate in opposite direc¬ 
tions. If desired, Fig. 6C may be 
redrawn in proper angular refer¬ 
ence to the preceding diagrams. 
This results in Fig. 6D which is the 
input diagram for Zg = 1.1 Zo 
/-21.5° and /. = 13.25®. 

Figure 6C could have been drawn 
by calculating the magnitude of Eg 
first, and drawing Eg at right an¬ 
gles to Eg. The total power on the 
line will be the same at all points, 
therefore in Fig. 6B P = Egh cos 
21.5®, or scaling Eg and Ig, P = 200 
X 3.6 X 0.930 = 670. In Fig. 6C, 
P = E.*/Zo or 670 = EgybO, thus 

Eg = 188. 

In determining the length of the 
stub Z, of Fig. 6A, first consider 
the characteristics of a shorted line. 
There will be 100 percent reflection 
at the short, therefore Eg will equal 
Eo and 7„ will equal h- There can 
be no voltage across the short, 
therefore Eg must be 180® out of 
phase with Eo at the short. Since 
the voltages are 180® out of phase, 
the currents h and Ig must be in 
phase and adding. A vector dia¬ 
gram could be drawn representing 
these conditions at the short. 

Now 4Faw Fig. 6E, the vector 
diagram for the input to the stub. 


: XEMzrzpsEMzg] 
I l v >z.t2tS! 

Ei-i. 



FIG. 6—To motch the iremomitoion and 
food linos, a shortod stub (A) Is fo* 
qnirod. Condittons ot tho load aro 
shown at (B). and tho InducHv* cunont 
to bo drawn by tho stub Is dotonninod 
from (C). (D) Is (C) roorionlod to agro# 
with provioiis vocior positions. (E) r«p* 
rosonts tho input to tho stub from which 
stub longth is dotonninod 


lo and Eb are copied from Fig. 6D. 
Eo and E. are 46” out of phase in 
Fig. 6E and were 180” out of phase 
at the short. Since E. toms count¬ 
erclockwise and Eb clockwise, to 
have reached their position in Fig. 
6E they must have moved in rela¬ 
tion to each other by the larger an¬ 
gle between them, or 185”. There¬ 
fore It of Fig. 6A must then be 
half this long or 67.5*. 

Because a transmission line Is 
linear, the percentage loss to the 
incident wave will equal the per¬ 
centage loss to the reflected wave. 
If the input and output powers are 
known or can be measured, the line 
loss can be determined, and appor¬ 
tioned for any length line. 
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Mismatch Loss Chart for Transmission Lines 

Loss clue to mismatch between load and line impedance is given directly, in terms 
of total rated loss of line and standing wave ratio at load end 

By J. M. HOLLYWOOD 


L east loss in a transmission 
line is obtained when its load 
impedance is equal to the char¬ 
acteristic impedance of the line, 
and standins: waves are absent. 
Attenuation figures for lines are 
usually given on this basis. Since 
perfection is seldom obtained in 
practice, it is desirable to know 
the penalty incurred if a line is 
not perfectly matched. The ac¬ 
companying chart .'-h(>ws this in a 


simple manner for ready use. 

Each curve is for a line having 
a given loss in db when perfectly 
matched (loss equals attenuation 
in db per unit length multiplied 
by the length used). From pub¬ 
lished or known line data, the ap¬ 
propriate curve is selected or in¬ 
terpolated. If the standing wave 
ratio (SWR) at the load end of 
the line is known, the intersec¬ 
tion of the corresponding vertical 


line and the selected curve gives 
the added line loss or attenuation 
in db, as shown on the scale at 
the left. This can be found in the 
same way for a known ratio of a 
resistive load R to the line im¬ 
pedance Zo, using the alternative 
scale at the bottom. 

As an example, consider a 500- 
ohm antenna used with 100 feet 
of RG-8/U cable at a frequency 
of 93 me, having 2 db nominal at¬ 
tenuation, and a characteristic 
impedance of 52 ohms. R/Z» is 
9.6; using the 2-db curve* on the 
chart, the added loss due to mis¬ 
match is found to be 3.3 db. 

As another example, if an an¬ 
tenna has to be used over a fre¬ 
quency range such that the 
standing wave ratio on a 52-ohm 
line becomes 5:1 and the line has 
5 db attenuation when matched, 
the chart shows the added line 
loss to be 2.4 db at the extremes 
of the frequency range used. 

The chart illustrates several 
points: (1) large SWR intro¬ 
duces little added loss if matched 
loss is very small; (2) little loss 
is added even to a large matched 
loss if the SWR is very small; 
(3) the added loss is almost the 
same for any matched loss over 
10 db. 

The chart and equation apply 
strictly only to lines of an integ¬ 
ral number of quarter-wave 
lengths, or half-wave lengths for 
complex impedance loads. A very 
short line without leakage, for 
example, would have least loss if 
operated into an infinitely large 
load resistance. 
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Transmission Lines as Tuning Elements 

Graph for designing tuning element consisting of a section of transmission line shunted 
by a capacitor. Values of one or two unknown circuit parameters may be found when 

values of two or three others are known 


S BGBIENTS of transmission lines 
used as circuit elements in 
present day high frequency work 
have made desirable a simple, rapid 
method for solving the equation 
1/«C - 2?o tan 2rl/\, 13! X /4 (1) 

The equation gives the wave length 
X of the resonant frequency a)/2w of 
a parallel combination of a capaci¬ 
tance C and a short circuited length 
I of transmission line of character¬ 
istic impedance Z#, shown in Fig. 1. 

The graph on the next page shows 
two sets of contours, the plots of 
which are superimposed upon each 
other in such a manner as to afford 
a convenient means for solving Eq. 
1 graphically. The discussion be¬ 
low contains a brief outline of the 
construction of the graph, followed 
by its application to the solution 
of two typical problems. 


Rewrite Eq. 1, by using the rela¬ 
tions (i> = 2i:f and X = v^/f, where 
/ is frequency in cycles per second 
and v. = 3 X 10* meters per second, 
the propagation constant. 

1/ZtC ^2r/un (2r/l/vo) (2) 

Equation 2 may be applied to the 
circuit of Fig. 1 by expressing Z. in 
ohms, C in farads, f in cycles per 
second, and I in meters. 

But if Zg is in ohms, C in /Di/if, f 
in me, and I in cm, Eq. 2 becomes 


- 2.ip'/uii - 

( 8 ) 

w zxw ^ ^ 


hm 


ZfC - 
ft (Zi, o - Ft (l,f) 


Ft (I,/) S (ar//10^ tM (2»/l/8 X 10*) 


Md 

F,(^0)S1V/2,C 
On logurithsiic graph paper, plot 
Ft 0, t) against I for the Tarioue 
values of /. Upon these contours 


By N. E. NEWELL, JR. 



FIG. 1—Short-circiiltwd trcnumUuloBi Un« 
ol length 1. and charoeteriitlc Impe* 
donee Z. tuned by ehunt eopocitonce 


superimpose those of Ft (Zo, C) 
plotted versus C with Zo as a para¬ 
meter, so that the F, and F* scales 
coincide. The C and / scales coin¬ 
cide as do the F, and Ft scales. This, 
however, is not necessary, and in 
this case is due merely to the choice 
of range for the values of C. It is 
essential that the Fi and Fa scales 
be identical. 

The construction of the chart 
makes evident the general princi¬ 
ples involved in its use. A solution 
is obtained for Eq. 8, by making 
F, (f, /) = Ft (Zo, C). Suppose that 
a 10 cm line of 50 ohms characteris¬ 
tic impedance is to be tuned to 
resonance at 400 me by shunting a 
lumped capacitance C across the in¬ 
put and short circuiting the other 
end. 

To find C, the solution is as fol¬ 
lows: from the 10 cm point on the 
I scale of the graph move vertically 
to the Fi(l, /) contour marked 400 
me. Then move horizontally to the 
F,(Zo,C) contour labelled 60 ohms. 
From this point move vertically 
again to the C scale and read off 
the capacitance, 7.8 fifxt. 

If any three of the quantities I, 
Z., C, / in Eq. 8 be given, the fourth 
is obtanied by a procedure similar 
to that used above. If two of quan¬ 
tities be given, the remaining two 


can assume infinitely many pairs of 
values satisfying Eq. 8. 

Consider now the problem of a 
shorted open wire line to be used as 

a circuit element in a high fre¬ 
quency amplifier. A variable ca¬ 
pacitance, ranging from 6 /x/if to 
10 /i/if, is shunted across the open 
end of the line and used for tuning. 
If the frequency range to be tuned 
is from 150 me to 200 me, what 
should the physical length and char¬ 
acteristic impedance of the line be? 

Mathematically this problem is 
that of solving simultaneously two 
equations in two unknowns 

Ft (1,150 me) - F» (Z*, 10 mmI.) (4s) 
Fi (I, 200 me) - Ft (Zo, 6 unit) (4b) 
Using the graph, make a table of 
solutions of Eq. 4a, alone, and an¬ 
other of solutions of Eq. 4b, alone. 


1 

Zo 

z. 

in cm 

in ohms 

in ohms 


from Eq. 4a 

from Eq. 

10 

325 

360 

15 

207 

220 

20 

147 

148 

26 

108 

94 
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Grophicol solution ol Eq. 1 lor obtaining tho tqIuo oI ono quantity when Tolues ol three are known or Toluee of two 

quontlties when the other two ore known 


Draw the curves correspondins: 
to both tables on the same graph, 
using identical scales for both as in 
Fig. 2. The intersection of the two 
curves gives the solution; in the 
present case: Z« = 164 ohms, I = 
18.4 cm. 

As a purely mathematical prob¬ 


lem, the contours of the graph may 
be used over the entire ranges of / 
and Zo for the solution of Eq. 8, but 
the application of such solutions to 
actual physical circuits is of doubt¬ 
ful validity in the upper ranges of 
frequency and impedance. At high 
frequencies a shorting bar on a 


very high impedance line of less 
than a quarter wave length must 
itself form a considerable part of 
the line. Moreover, the assumption 
that the total capacitance involved 
can be lumped into a single element 
is undoubtedly invalid under these 
conditions. 
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High-Frequency Cable Design 

Practical design equations and two nomographs facilitate calculation of characteristic 
impedance, inductance, time delay, attenuation, and power rating for solid-dielectric 
coaxial and two-conductor balanced lines operating in h-f and vhf bands. A typical 
polyethylene cable design problem is worked out 


By K. H. ZIMMERMANN 


At high frequencies (in the mega, 
cyde range) the transmission line 
must be terminated in a load whose 
impedance is equal to the character¬ 
istic impedance of the line, in order 
to prevent reflections and standing 
waves that cause excessive power 
loss. For high-frequency operation, 
therefore, the characteristic impe¬ 
dance of the cable becomes one of 
its most important properties* 

Characteristic impedance i n 
ohms, usually denoted is deter¬ 
mined by 

z, 1 V (1) 

• If (7 -h f « C ^ 

where R is resistance in ohms per 
unit length, L is inductance in hen- 
rys per unit length, C is capacitance 
in farads per unit length, and G is 

conductance in mhos per unit 

length* This reduces to 

Zo - VZTc (2) 

since R is very small compared to 

(oL and G is very small compared to 

<i>G. 

The most common type of high- 
frequency cable is the coaxial cable 
in which the outer conductor com¬ 
pletely surrounds the centrally dis¬ 
posed inner conductor. At high fre¬ 
quencies the internal inductance is 
negligible due to the skin effect 


which confines the current to the 
outer surface of the inner conduc¬ 
tor and the inner surface of the 
outer conductor. The inductance of 
a coaxial cable then becomes 
L - 0 140 log.o m 

and the capacitance is 
C- 7.36 A/log,o(/>/cf) (4) 

where L is in microhenrys per foot, 
C is in micromicrofarads per foot, 
D is the outside diameter of the in¬ 
sulation, d is the diameter of the 
inner conductor, and k is the dielec¬ 
tric constant of the insulating ma¬ 
terial. 

Substituting Eq. 8 and 4 in Eq. 2 
gives the useful design equation for 
characteristic impedance in terms 
of the diameters of the conductors 
and the dielectric constant of the 
insulating material. 

iqo 

logic (/>/cO (5) 

The nomograph in Fig. 1 gives a 
rapid solution of Eq. 6. 

In the foregoing equations, d rep¬ 
resents the outside diameter of a 
solid inner conductor. For the us¬ 
ual concentrically stranded seven- 
strand conductor, 98 percent of the 
maximum conductor diameter is 
used as the effective diameter. 

From Eq. 4 and 5 another equa¬ 


tion is obtained which is useful in 
determining the characteristic im¬ 
pedance of a cable from actual 
measurements of the capacitance C 
in /i/xf per foot and the dielectric 
constant k 


Zi- 1,016 V a/C (6) 

Radio waves travel at a speed of 
800 million meters per second in 
free space. The velocity of a wave 
propagated along a solid dielectric 
cable is related to the dielectric con¬ 
stant and the velocity in free space 
by the relation 


where e is the velocity of propaga¬ 
tion in free space and v is the ve¬ 
locity of propagation in the cable. 
For polyethylene insulated cables 
the statistical average of the ratio 
v/e is 0.668. The velocity of propa¬ 
gation and the dielectric constant 
can be calculated by flnding the res¬ 
onant frequency of a known length 
of cable open-circuited at the far 
end. 

The time in microseconds per 
foot for a wave to travel through a 
cable can be determined from Eq. 
8, 4, and 7 


7- VlC 


1.016 X 10^ 
v/c 


(S) 



Slaglt eocodal ttat 


AleUMUa# 
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no. 1—Nomograpli giving choroclnriitte Impndoncg el polyethylene-dielectric eingle 
cooxiol line. For eolid Inner conductor, read onswer on rlghthond portion ol center 
ecole; for etranded inner conductor, uie nasdmnm outer diameter on conductor scole at 
right and read answer on lelthond portion of center ecole 


Whenever it is desirable to trans¬ 
mit power from a balanced source, 
neither aide of which is grounded, 
the balanced line is used Instead of 
the coaxial line. 

Two-conductor shielded lines are 
designed for a specified character¬ 
istic impedance in accordance with 
the following relation 

where Q = h/D and v = h/d, and 
h is the center-to-center spacing of 
the conductors. This line has one 
primary disadvantage in that it is 
only flexible at right angles to 
the plane through the two parallel 
wires. Any attempt to bend it in 
another direction will damage the 


conductors or the dielectric. This 
difficulty has been overcome by 
separately insulating each con¬ 
ductor to a diameter equal to the 
desired center-to-center conductor 
spacing. The insulated conductors 
are then twisted and another extru¬ 
sion of dielectric is applied to ob¬ 
tain the final circular cross-section. 
This not only improves the flexibil¬ 
ity of the line but also improves the 
balance characteristic by providing 
a closer tolerance on the conductor 
spacing. Moreover, since the con¬ 
ductors change their positions rela¬ 
tive to the shield there is less ten¬ 
dency to unbalance than in the par¬ 
allel-conductor arrangement where 
it is possible for one conductor to be 
closer to the diield for the entire 
length of the line. 

The design of the unshielded 


twin-conductor parallel transmis¬ 
sion line which is used for dipole 
transmitting and receiving an¬ 
tennas is based upon a certain 
amount of actual experience. Satis¬ 
factory results have been obtained 
with the relation 

Zo - 120 ^ cosh h/d (10) 

where h is the center-to-center spac¬ 
ing of the conductors, d is the ef¬ 
fective conductor diameter, and 
v/c is as defined in Eq. 7. The value 
of v/e was determined from meas¬ 
urements of actual lines as 68, 70, 
and 81 percent for 75,100, and 800- 
ohm lines respectively at 100 me. 

When an extremely high degree 
of electrical balance is required, two 
coaxial lines are enclosed in a com¬ 
mon braid. The characteristics of 
each coaxial are determined by pre¬ 
cise measurements before the lines 
are assembled under the common 
braid and jacket. The characteristic 
impedance of twin coaxial lines is 
the sum of the impedances of the 
individual coaxial units. 

Low-Copoettonc* Linas 

r'or certain applications, capaci¬ 
tance lower than normally possible 
with solid-dielectric materials is re¬ 
quired. Coaxial lines insulated with 
polyethylene are usually made 
with impedances ranging from 30 
to 150 ohms. The capacitance of a 
150-ohm line, obtained from Eq. 6, 
is 15.6 fifit per foot. The ratio of 
dielectric diameters, obtained from 
Eq. 5, is nearly 48 to 1. If No. 22 
AWG solid conductor is used for 
this cable, the dielectric diameter 
would be 1.08 inches. 

If the effective dielectric constant 
is reduced by replacing part of the 
dielectric material with air, it is 
possible to obtain capacitances be¬ 
low 10 fLfd per foot. This is accom¬ 
plished by wrapping a thread of 
polyethylene or other low-loss mate¬ 
rial around the inner conductor 
with a long lay and extruding a 
tube of polyethylene over the spiral. 
The polyethylene thread supports 
the tube and also centers the con¬ 
ductor. A capacitance of 10 /njuf per 
foot can be obtained with a diam¬ 
eter ratio of 11 to 1. 
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The time delay of solid dielectric 
lines is often used as a timing: or 
calibrating device in radio applica¬ 
tions, especially radar and tele¬ 
vision. However, when a greater 
delay than that possible with the 
usual coaxial line is required, it is 
necessary to employ especially con¬ 
structed lines referred to as delay 
lines. 

The delay line is exactly similar 
in appearance and construction to 
the usual coaxial line except that 
the inner conductor consists of an 
insulating core around which a 
spiral of insulated wire is wrapped. 
The inductance of a single-layer 
coil is then 

L-3.06X (11) 

where n is the number of turns per 
inch and a is the diameter of coil 
between wire centers, in inches. 
The inductance of the line is thus 
increased while the capacitance re¬ 
mains essentially the same. 

Time delay T in microseconds per 
foot, which is the reciprocal of the 
velocity of propagation, can be com¬ 
puted from L and C 

r » VZZ' - (12) 

V iORin (D/d) 

Since the inductance of the line 
has been increased, it follows that 
the characteristic impedance has 
also been increased. From Eq. 2 the 
characteristic impedance becomes 

Zo « -- Vlogio (D/d) 

(13) 

It is possible with this construc¬ 
tion to obtain impedances greater 
than 1,000 ohms without increasing 
the size of the line beyond practical 
limits. 

A high-impedance line is often 
required in video-frequency trans¬ 
mission when it^is desired to drive 
a terminated line from a high-im- 
pedance source. 

AtfesHotlos «s4 Power Rotiag 

Attenuation determines the 
length of line* that can be employed 
and its power-handling capacity. 
The total attenuation of a line is 
due to the losses in the inner and 
outer conductors and the loss in the 


dielectric. The attenuation in db 
per 100 feet due to the copper loss 
is expressed by the relation: 

- 4 35/?r'Z« Cl4) 

where R, is the total high-l’reciuency 
resistance of the inner and outer 
conductors in ohms per 100 feet. 
For solid copper conductors 

where d is outer diameter of inner 
conductor in inches, D is inner di¬ 
ameter of outer conductor or di¬ 
electric in inches, and F is fre¬ 
quency in me. 

For other than solid copper inner 
and outer conductors, such as 
stranded inner conductors and 
braided outer conductors, other fac¬ 
tors must be introduced to compen¬ 
sate for the effects of spiralling, 
proximity, and contact resistance. 
Equation 15 then becomes 

R, ) VF (16) 

and the total copper loss in db per 
100 feet becomes 

where J?, and are multiplying 
factors that are determined by the 
construction of the conductors and 
are also variable with frequency. It 
is necessary to combine experience 
with experimental data to estimate 
their magnitude in connection with 
actual design of various types of 
cables. 

The attenuation in db per 100 
feet due to the dielectric is depend¬ 
ent upon the frequency, dielectric 
constant, and power factor of the 
material 

24rf-2.78VFpF (18) 

where p is power factor of dielec¬ 
tric, k is dielectric constant of di¬ 
electric, and F is frequency in me. 
The total attenuation in db per 100 
feet is then the sum of Eq. 17 and 

(19 

The power rating of a cable is a 
function of the maximum temper¬ 
ature which the insulation can 
safely withstand. The power-han¬ 
dling capability of the cable is lim¬ 


ited by the rate at which the cable 
can dissipate the heat due to the 
copper and dielectric losses and the 
rate at which the heat is generated 
internally. The first depends upon 
the diameter of the cable, the color, 
texture, and materials of the jacket, 
paint, or armor, and the ambient 
temperature. The second depends 
on the dimension and construction 
of the conductors, the dielectric ma¬ 
terial, and the frequency, among 
other factors. 

The amount of heat which flows 
radially from the components, con¬ 
ductors, dielectric, and braid will 
depend upon the temperature gra¬ 
dient, the thermal resistances of 
the dielectric and jacket, and the 
thermal resistance of the jacket 
surface to air (jacket emissivity). 
The relation for power input* is 
T — 7’ 

Ps*.. .. (2[)) 

ta(2Ae^ A,) ^ 

where P is maximum average 
power input, Tu is maximum tem¬ 
perature in degrees F that the di¬ 
electric can withstand, T„ is ambient 
temperature in degrees F, U is 
thermal resistance of dielectric, tf 
is thermal resistance of jacket, t, 
is thermal resistance of jacket sur¬ 
face to air. A,, is attenuation due to 
inner conductor, in nepers per inch, 
A., is attenuation due to dielectric 
in nepers per inch, and A, is total 
attenuation of the cable in nepers 
per inch. 

For accuracy, values used for 
attenuation should be corrected to 
include the effects of temperature 
rise and any mi.smatch that may 
occur. 

In view of the safety factor that 
is required in power rating, the fol¬ 
lowing equation* for input power P 
has been found quite useful and 
easy to handle 

p wm 6 D» ) 

where K, is 485 for black vinylite 
jackets and 826 for grey vinylite or 
armored cables, HTt is 8 for 60-ohm 
cables and 2.6 for 75-ohm cables, A 
is attenuation in db per 100 feet, 
and is outer diameter of cable in 
inches. This relation is based on a 
maximum temperature of 80C at 
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the surface of the inner conductor 
and an ambient temperature of 
20C. 

If the ambient temperature is 
higher than 20C, the power rating 
of the cable is reduced; conversely, 
if the ambient is lower, the rating 
is increased. The results of Eq. 21 
can be corrected by the nomograph 
shown in Fig. 2. 

Typicol Detign Problem 

Required: A 70-ohm coaxial cable 
to transmit 7.5 kw of 100-mc power 
at an ambient temperature of 30C. 
The dielectric material selected is 
polyethylene with a dielectric con¬ 
stant k of 2.26, and the available 
jacket material is black vinylite. 

Since the characteristic imped¬ 
ance is specified as 70 ohms, the 
ratio of D/d is fixed and equal to 
5.75, as can be determined from Eq. 
6 as follows: 

1.6 

Arbitrarily, a No. 5 AWG solid 
inner conductor is selected. Here d 
is 0.182 inch, so that dielectric di¬ 
ameter D becomes 1.05 inch. Using 
a typical thickness value of 0.225 
inch for the braid and 0.05 inch 
(50 mils) for the jacket, the over¬ 
all outside diameter D, becomes 1.6 
inch. From these values the attenu¬ 
ation and power rating can be cal¬ 
culated by using Eq. 19 and 21, as¬ 
suming values of 1 for J?i and 2 for 
Rt based upon experience with 
cables having No. 80 AWG braid at 
100 me, and using a value of 8 x 
10”^ for dielectric power factor p 

2.78 (1.6) 3 X 10-< (100) 

» 0.584 db per 100 feet 

From Eq. 21 the power rating at 
20C is determined as 



FIG. 2—Nomograph giring power rating at any cunblent temperature when rating 
for one temperature Is known. Voluee are bosed on maximum Inner conductor tem- 
peroture of 80C. Place atrolghtedge on known Toluee of power and temperature* 
mark Intersection with center vertical scale, rotate straightedge about this Intersection 
to new temperature value, and read new power rating on lefthond scole 


P 


436 (2.5 + 9 .6) 
0.684 


9.013 watts 
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F-M Transmitter Performance Measurements 

Frequency response, harmonic distortion, a-m and f*m noise in f-m broadcast trans¬ 
mitters must be held within legal limits. Techniques of using standard test equip¬ 
ment in meeting FCC requirements for proper performance are described in detail 

By H. P. THOMAS and L. M. LEEDS 


T he performance of f-m broad- 
cast transmitters is based pri¬ 
marily on the requirements of the 
Federal Communications Commis¬ 
sion which specify the overall per¬ 
formance of the entire transmitting 
system from microphone input to 
antenna output. No definite portion 
of the total system degradation is 
assigned to the transmitter proper, 
although in the case of harmonic 
distortion it is recommended that 
the transmitter should not contrib¬ 
ute more than half the total. 

When the system is made up of 
studio equipment and some circuit 
such as a telephone line or radio 
link between the studio and trans¬ 
mitter it would be desirable to have 
the transmitter contribute less than 
one third of the total. The Radio 
Manufacturers Association has es¬ 
tablished minimum transmitter 
performance specifications which 
approach this degree of system 
perfection, as shown in Table 1. 

Audio InpMl Si^Nol 

The equipment necessary in order 
to measure the audio frequency 
characteristics of the transmitter 
is shown as a block diagram in Fig. 
1. The source of audio input must 
cover the frequency range from at 
least 50 to 15,000 cycles with low 
harmonic and hum output, and have 
an audio output level of at least 
-f20 dbm (7.7 volts rms in 600 
ohms). The output should be bal¬ 
anced to ground if a balanced input 


is to be used in the transmitter. 

Following the audio oscillator 
some method must be provided of 
measuring input level, such as a cal¬ 
ibrated vu meter or vacuum tube 
voltmeter that will read correctly 
at all frequencies from 60 to 15,000 
cycles. This instrument should read 
over a voltage range of at least -f 20 
to —10 dbm, or should be used in 
combination with an adjustable cal¬ 
ibrated attenuator to give the same 
range of input voltages. 

A pad of at least 10 db should 
precede the transmitter input in 
order to provide isolation between 
the audio input equipment and the 
transmitter input. 

Output Dotoetor 

An f-m detector to convert the 
transmitter output to an audio fre¬ 
quency signal must be used to moni¬ 
tor the transmitter. This element 
of the measurement system is of 
considerable importance as it must 
have low harmonic distortion, low 
noise level, and a fiat frequency 
characteristic in order not to affect 
the measurements of transmitter 
performance. There also should be 
sufficient limiting in the f-m de¬ 
tector to prevent small amounts of 
amplitude modulation of the trans¬ 
mitter carrier from affecting the 
readings. A minimum of 20-db lim¬ 
iting is considered necessary, and 
between 30 and 40 db is desirable. 
Fortunately, f-m station monitors 
are now available that have suffici¬ 


ently good performance to meet the 
needs of this element of the meas¬ 
uring system, and since a station 
monitor is required equipment at 
every commercial f-m transmitter, 
it is normally available for meas¬ 
urement purposes. The use of the 
f-m station monitor also makes de¬ 
termination of the percent modula¬ 
tion of the transmitter very simple 
as a calibrated meter is provided 
which reads this value directly. 

A de-emphasis circuit having the 
standard 75-microsecond time con¬ 
stant is necessary in order to trans¬ 
late back to a flat system. This is 
normally provided in the f-m sta¬ 
tion monitor, in which case it does 
not need to be provided separately. 

Noli# oMd DiBtertieii AiicilyMr 

The instrument for reading har¬ 
monic distortion and noise level at 
the output of the de-emphasis cir¬ 
cuit should have a response to at 
least 30 kc so that^ the second har¬ 
monic of 15 kc can be measured. 
This device should preferably be of 
the type which balances out the 
fundamental audio frequency either 
by an infinite rejection filter or by 
reintroduction of some of the input 
signal properly adjusted in magni¬ 
tude and phase. In both types, the 
residua] signal consists of harmonic 
distortion and noise, and if the 
noise level is 60 db or more below 
the 100-percent modulation level, a 
reading of the residual signal, made 
with a vacuum tube voltmeter and 
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suitable attenuators, is a good meas¬ 
ure of the total rms distortion of 
the system. In all cases the true 
harmonic distortion is of a value 
slightly less than the value deter¬ 
mined by this measurement. 

The block diagram also shows a 
cathode ray oscilloscope connected 
to the output of the noise and dis¬ 
tortion meter. Although not essen¬ 
tial, it is of assistance in analyzing 
the character of the distortion or 
noise being measured. 

The procedure for measuring fre¬ 
quency response is merely to read 
the input voltage required to main¬ 
tain a given percentage modulation 
as indicated by the station monitor. 
The input can be read directly in 
db if an input attenuator or vu 
meter is used for measuring input 
level, or voltage readings can be 
converted to db so that the response 
can be plotted in db to give a curve 
as showm in Fig. 2, which is of the 
form required by the FCC stand¬ 
ards of good engineering practice. 

Data on harmonic distortion are 
taken by passing the input signal 
from the audio oscillator through 
the system, balancing out the funda¬ 
mental frequency in the noise and 
distortion meter, and reading the 
residual distortion components by 
means of the vacuum tube voltmeter 
in the instrument. These readings 
can be made at various percentages 
of modulation, as indicated by the 
station monitor modulation level 
indicator. An example of one such 
curve is shown in Fig. 8. 

The f-m carrier noise level is 


read by modulating the transmitter 
to 100-percent modulation (=t:75 kc 
swing) with a tone of any fre¬ 
quency below the point at which the 
pre-emphasis is appreciable, usually 
400 cycles or less, and setting the 
noise and distortion meter to read 
any convenient level, say +80 db 
under these conditions. Then the 
modulating tone is removed, and a 
reading of the residual noise taken 
on the noise and distortion meter. 
This procedure usually permits a 
noise level reading to be made down 
to about —70 db. If readings are 
to be made of noise levels even less 
than —70 db, a modulation level 10 
or 20 db below 100-percent modula¬ 
tion can be used for the input sig¬ 
nal while still setting the noise and 
distortion meter to +30 db. 

Amplitude-modulation carrier 
ripple is measured by using an or¬ 
dinary diode detector with a stand¬ 
ard 76-microsecond de-emphasis cir¬ 
cuit, connected to the transmitter 
output, and measuring both the d-c 
and a-c ripple voltages developed 
across the detector load resistance. 
The noise level is then the ratio of 
the square root of two times the 
rms a-c voltage to the d-c voltage. 
In db, it will be 20 times the loga¬ 
rithm to the base 10 of this ratio. 

Checking Meqsiireiiieiit Eguipmtnt 

There are certain checks on the 
performance of the measuring 
equipment which can be made fairly 
easily. By connecting the noise and 
distortion meter input terminals 
across the transmitter input ter¬ 



FIG. 1—Block diagram ol moaiuring op- 
paratut luiod In chocking audio Iroquoncy 
charadoriftics. Pro-omphaoU network in 
tranimlttor ond do^mphotii circuit in moni* 
tor ore not shown 



FIG. 2—^Proquoney tooponio of a typical 
l*m broodeaot transmittor for lOO-porcont 
modulation (75-kc dorlotlon) 


minals, a reading of harmonic dis¬ 
tortion will be obtained that is es¬ 
sentially the harmonic content of 
the audio oscillator output. 

Measurements on the linearity of 
the f-m detector are not easily 
made, but its performance is usu¬ 
ally guaranteed within certain lim¬ 
its by the manufacturer. Any very 
serious misadjustment of the dis¬ 
criminator will usually show up as 
a large apparent shift of the trans¬ 
mitter center frequency with modu¬ 
lation, as shown by the monitor’s 
center frequency indicator. This in¬ 
dication is a definite sign of dis¬ 
criminator nonlinearity in the case 
of a phase modulated transmitter 
where the center frequency is defi¬ 
nitely crystal controlled even in the 
presence of modulation. The Arm¬ 
strong and Phasitron types of 
transmitters are in this class. Fre¬ 
quency shifts 200 cycles or less, rep¬ 
resent only a very small nonlinear¬ 
ity. 

In some cases the ability of the 
measuring system to measure ex¬ 
ceedingly low values of f-m carrier 


Table I—Transmitter Performance Requirements 



FCC 1 RM\ 

System j Transmitter 

rrctpiency response 

(departure from 75 Usee) 

50 Cycles. 

lOfr-7500 Cydos. 

15,000 Cydw. 

+0,-4 dl» 
+0,-3 db 
+0,-5 db 

±l db 

Harmonic distortion 

50-100 Cycles. 

100-7,500 Cycles. 

7,500-15,000 Cycles. 

3,5% 

2.5% 

3.0% 

1.5% 

1.0% 

1.5% 

F-M Carrier noise level. 

-60 db 

-65 db 

A-M Carriers noiae level. 

-sSO db 

-50 db 













766 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 


noise may be questioned. The capa¬ 
bility of the system in this regard 
may be checked by altering the 
transmitter in such a way as to 
definitely minimize f-m carrier 
noise and then noting if the meas¬ 
uring equipment will read this low 
value. This can be accomplished in 
most phase modulated transmitters 
by driving the multiplier stages di¬ 
rectly from the crystal oscillator 
without passing through the modu¬ 
lator stage, and with sufficient sig¬ 
nal to minimize noise in the early 
multiplier stages. In this check a 
reference level for the measuring 
equipment must be set up before 
the modulator is disconnected. 

Def^rmiiiinq Pr«qH«iicy Deviotion 

To check the percent modulation 
readings of the monitor requires 
the use of a highly selective com¬ 
munication type receiver, prefer¬ 
ably one having a crystal filter and 
an S meter. The receiver is tuned 
and coupled to the i-f of the moni- 
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tor. When the transmitter is modu¬ 
lated with a fairly high audio fre¬ 
quency the receiver, if it possesses 
sufficient selectivity, will pass only 
the carrier frequency. As the am¬ 
plitude of the modulating frequency 
is increased it will be possible to 
recognize readily the points where 
the carrier amplitude goes to zero 
by the almost complete lack of sig¬ 
nal. Certain combinations of modu¬ 
lating frequency, percent modula¬ 
tion, and the number of the carrier 
null are given in Table 2. For ex¬ 
ample, if we want to check the 100- 
percent modulation indication, we 
can modulate with a tone of 5,020 
cycles and slowly increase the am¬ 
plitude of the modulation until the 
receiver indicates that the fifth 
point where the carrier disappears 
has been reached. This will be ex¬ 
actly =t75-kc deviation or 100-per- 
cent modulation. Similarly 50-per¬ 
cent modulation will occur when 
the fifth carrier null is reached with 
a modulation of 2,510 cycles. 

Special T#ehniqH#t 

There are a few methods which 
can be used to help overcome some 
of the difficulties encountered in 
making these transmitter measure¬ 
ments. For instance, when making 
harmonic distortion measurements, 
two difficulties are normally en¬ 
countered. One is that many audio 
frequency oscillators have a con¬ 
siderable amount of harmonic con¬ 
tent, particularly at the low fre¬ 
quency end of the audio range. It is 
possible to employ such an oscillator 
in spite of this trouble by using a 
filter connected between its output 
and the transmitter input which 
will pass the fundamental fre¬ 
quency and attenuate the harmon¬ 
ics. A plain low pass filter is suit¬ 
able for this purpose. In some cases 
it is possible to improve conditions 
considerably by using a two section 
RC filter as shown in Fig. 4A. For 
example, two sections each consist¬ 
ing of 1,200 ohms and 5 microfar¬ 
ads, feeding a 600 ohm transmitter 
input will reduce the second har¬ 
monic of 60 cycles about 7 db, and 
the third harmonic about 12 db. 


Such a filter attenuates the funda¬ 
mental considerably (in this case 
about 19 db), but this condition is 
not serious if the oscillator has suf¬ 
ficient output. 

The other difficulty occurs when 
measuring distortion at high modu¬ 
lation frequencies and low percent¬ 
ages of modulation, when power 
frequency hum begins to be in the 
order of magnitude of the distor¬ 
tion being measured. For e?cample, 
suppose it is desired to measure 
distortion at 15,000 cycles and 25- 
percent modulation, and the trans¬ 
mitter is good enough so the actual 
distortion is in the order of 0.5 per¬ 
cent. The harmonic level will then 
be 12 db down from 100-percent 
modulation owing to the modulation 
level, 46 db farther down if it is 
0.5-percent distortion, and 17 db 
more because of the de-emphasis in 
the monitor at 15,000 cycles or a 
total of 75 db. This will be in the 
order of the noise level of even a 
good f-m system. It is allowable in 
this case to use a high pass filter 
which will attenuate hum frequen¬ 
cies, but which will have no appreci¬ 
able effect on the higher audio. 

In Fig. 4B is shown a simple 
high-pass RC network consisting of 
two 1,500 micromicrofarad capaci¬ 
tors in series with the high side of 
the monitor output, and 100,000 
ohms from the center point of 
these two capacitors to ground. 


Tcddla II—Carrier Null Method of 
Determining Frequency Deviation 


Carrier Null 

Modulating Fre¬ 
quency for 100 
percent Modulation 
(Cycles) 

1 

31,140 

2 

13,580 

3 

8,660 

4 

6,360 

5 

5,020 

6 

4,150 

For modulation percentam other 
than 100 percent, multiply me modu¬ 
lating frequency in this table by the 
modmation factor. 
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This RC network, when working 
into a noise and distortion meter 
having about 200,000 ohms input 
resistance attenuates the hum fre¬ 
quencies sufficiently to allow these 
high frequency distortion meas¬ 
urements to be made. Numerically 
this circuit provides less than 1 db 
attenuation at 5,000 cycles and 
above, but 46 db at 60 cycles and 
34 db at 120 cycles. 

High-Frequency Nolte 

When making noise measure¬ 
ments of f-m transmitters, in which 
an appreciable part of the noise 
may be of a random nature, im¬ 
proved readings can be obtained 
by cutting off frequencies beyond 
15,000 cycles. This is allowable since 
these components are beyond audi¬ 
bility and do not contribute to 
audible noise although they may 
add considerably to the reading of a 
noise and distortion meter which 
has a frequency response extending 
well beyond this frequency. A 
sharp cutoff ffiter could be used 
but it is difficult to realize for im¬ 
pedances in the order of several 
hundred thousand ohms. It is pos¬ 
sible to work at low impedance with 
a filter and then use a transformer 
to step back up to a high Impedance 
for the input of the noise and dis¬ 
tortion meter, but this requires a 
considerable amount of equipment. 
We have found that we can use an 
RC d(3-emphasis type of circuit, as 
shown in Fig. 4C, having a time 
constant of 5 microseconds. This 
will give less than 1 db attenuation 
at 15,000 cycles, and will provide 
sufficient attenuation at the higher 
frequencies to give an appreciably 


improved noise reading when the 
noise is of a purely random type. 

Aeeuroey of Meaturemeiitt 

The accuracy with which the fre¬ 
quency response can be measured 
depends largely on the accuracy of 
the attenuators and voltage indicat¬ 
ing instruments employed and can 
be in the order of 0.1 db without 
great difficulty. 

The accuracy of harmonic distor¬ 
tion readings is limited by the har¬ 
monic content of the audio oscilla¬ 
tor and the distortion in the f-m 
detector used for demodulating the 
transmitter. One commercially 
available audio oscillator gives in 
the order of 0.1 percent harmonic 
content. Commercial f-m station 
monitors have distortion in the 
order of 0.25 percent, so the normal 
accuracy of distortion readings may 
not be better than =b0.35 percent. 
In other words, readings less than 
1 percent are sometimes open to 
question, for even a 1 percent figure 
may actually mean from 0.65 to 
1.35 percent, and a figure of 0.6 per¬ 
cent may actually be 0.15 to 0.86 
percent. It would be possible to 
increase the accuracy of these read¬ 
ings by using a filter at the audio 
oscillator output, which might re¬ 
duce the harmonic content to about 
0.02 percent. By using a counter 
type discriminator, the f-m detector 
distortion can be made as low as 
about 0.1 percent, which would give 
a total inaccuracy of =± z 0.12 percent. 
However, the counter type discrim¬ 
inator has a very low output, which 
makes it difficult to avoid running 
into hum pick-up troubles when 
making very low distortion read¬ 


ings. This will again decrease the 
accuracy, although it is not possi¬ 
ble to set a definite limit on the 
possible accuracy of low distortion 
readings. 

irrort From Nolto 

The errors in measuring carrier 
noise levels are largely in the direc¬ 
tion of making the noise voltages 
greater than in actuality because 
any stray hum pick-up, noise in the 
test equipment, or other introduced 
noise, all tend to produce an in¬ 
crease in total noise voltage. If 
these other sources of noise are suf¬ 
ficiently small, the only errors of 
reading should be inaccuracies in 
the attenuators and indicating in¬ 
strument of the noise and distortion 
meter, and should be less than dzl 
db under normal conditions. 

There is a possible source of 
error in both harmonic distortion 
and noise readings when using the 
type of instrument which employs 
a vacuum tube voltmeter to give 
rms readings, since the vacuum 
tube voltmeter actually reads an 
average voltage, although it is cali¬ 
brated in rms volts. This error is 
zero for a single sine wave, as would 
be the case when reading a distor¬ 
tion that was all caused by a single 
harmonic. However, even for fairly 
extreme wave forms, the error is 
small. In the case of a 50 percent 
square ^ave the instrument will 
read high by 11 percent, and for a 
triangular wave it will read low by 
3.7 percent. In most cases, this er¬ 
ror is probably less than 10 percent 
of the instrument reading, and is 
therefore relatively unimportant. 


Hum-Reducing Circuit 


The circuit shown in Fig. 1 can be 
used to reduce carrier hum in a 
transmitter if the source of hum is 
240 cps. It is particularly useful in 
transmitters having a Scott-con¬ 
nected two-phase filament supply 


By ALVIN H. SMITH 

and has been so applied in a five- 
kilowatt composite a-m broadcast 
transmitter at KSCJ. 

The a-c output of the circuit in 
Fig. 1 is approximately 0.6 volt at 
240 cps. This voltage may be fed 


into the audio circuits of the trans¬ 
mitter at any point desirable, ob¬ 
serving polarity of leads for can¬ 
cellation of hum, also ascertaining 
that other circuits are not adversely 
affected. 
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PIG. 1—H«at«ra ond plotM of th* 25Z5 
tttb«t ar« tuppUtd hj th* mam% winding 
that fnadi th* 343A tubni in thn tronimlttnf 


A bridging circuit across the 
transmitter a-f input terminals was 
used at KSCJ to insert the 240-cps 
a*c into the audio circuit, where 
after subsequent amplification and 
modulation, it acts to balance out 
the 240-CP8 component generated 
in the transmitter. This connec¬ 
tion is shown in Fig. 1. 


It is desirable to experiment with 
different values of capacitance, as 
resonance at 260 cps is desired in 
both the primary and secondary cir¬ 
cuits of r,. The wiring should be 
kept out of strong r-f fields. The 
ground connections should be made 
directly to the center taps on the 
filament transformers, rather than 
just any transmitter ground. These 
precautions are necessary in order 
to prevent r-f pick up which pro¬ 
duces an undesirable a-f output in 
the 240-cps hum-reducing circuit. 

This circuit is largely self regu¬ 
lating as its input is taken from the 
power amplifier filament supply— 
both will increase and decrease to¬ 
gether. The 25Z6 tubes must be 
matched for best results. 

As pointed out by Loy E. Barton 
''Hum Compensator for Broadcast 
Stations/' (RCA Broadcast News, 
Feb. 1935), the predominate hum 
frequency using a 60-cps supply Is 
240 cps. This fact was verified by 


the use of a General Radio sound 
anal 3 rzer. 

With 14 db of inverse feedback 
in the KSCJ transmitter, the fol¬ 
lowing readings were obtained, be¬ 
fore the hum-reducing circuit was 
connected: at 60 cps, —68 db belov^ 
100 percent modulation; at 120 cps, 
—66 db; at 180 cps, —67 db; at 
240 cps, —47 db; and at 360 cps, 
-60 db. 

Using 14 db of inverse feed-back, 
the noise reading on a General Ra¬ 
dio distortion and noise meter— 
used by many broadcast stations— 
was —41.6 db. A carrier noise re¬ 
duction of 8.6 db was obtained with 
the hum-reducing circuit, giving a 
carrier noise level of —50.0 db. 
Tests indicated that the 240-cpB 
component, for all practical pur¬ 
poses, was eliminated. From a lis¬ 
tening standpoint this 8.6-db reduc¬ 
tion is very pronounced, as 240 cps 
is readily passed by most receivers 
and the ear is fairly sensitive. 


Wide-Deviation Reactance Modulator 

Operating principle and design procedure for obtaining maximum deviation from react¬ 
ance tube frequency modulator. Use of cathode follower minimizes shunting of the 
oscillator. A typical test oscillator is described and a universal design chart is developed 

By HARRY D. HELFRICH. JR. 


F requency-modulated oscilla¬ 
tors having large deviation 
are frequently needed for testing. 
To meet such a requirement, the 
reactance tube modulator has been 
modified to provide a larger linear 
sweep than has heretofore been 
obtainable from it. Although the 
reactance tube as a frequency mod¬ 
ulator is well known,*’ only one 
report has discussed the problem 
of obtaining maximum deviation 
at high frequencies.* The equip¬ 
ment for which this modulator 
was designed required a linear 20- 
me sweep at 118 me. Such systems 
as beating oscillators and motor- 
driven variable capacitors were un¬ 


suitable due to weight, space, out¬ 
put voltage, and variable sweep- 
width requirements. With conven¬ 
tional reactance tubes, as well as in 
this modification, the percent devia¬ 
tion decreases with increasing cen¬ 
ter freqency. However, in the cir¬ 
cuit to be described, the required 
percent deviation could be ob¬ 
tained at a frequency that could 
conveniently be multiplied to 118 
me, whereas it could not with the 
others. 

Essentially, a reactance modu¬ 
lator consists of a resonant circuit 
of constant elements to which a 
controllable reactance is added in 
parallel. Thus, if the resonant fre¬ 


quency of the constant elements is 
/m the change of frequency A/ 
when the inserted reactance is in¬ 
ductive is 

Af “ /« [(1 + IjTJiKK/LtnDtllY^ — 1] 

and when the inserted reactance 
is capacitive, it is 

A/ - /« (1 - 1/(1 + C. 00 ,e/Cr.*■*)•/•] 

Either case requires that the fixed 
reactances be as large as possible 
(large L and small C) and that the 
added reactance be as small as pos¬ 
sible for maximum A///.. 

With these requirements in 
mind, tiie modulator, shown by 
heavy lines in Fig. 1, was devel¬ 
oped. An electron coupled oscilla- 
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FIG. 1—H«aTy linm ihow a-c portioni of roaetonco modulator. Comploto diagrom ahowi basic circuit incorporotod in tost oquipmont 


tor was employed to permit taking 
output from the circuit without 
capacitively loading it. In addi¬ 
tion, a cathode follower buffer was 
inserted between oscillator and re¬ 
actance tube; the input capaci¬ 
tance of the triode cathode fol¬ 
lower could be made appreciably 
less than that of any high-transcon¬ 
ductance reactance tube. Thirdly, 
an autotransformer connection 
from the oscillator circuit was em¬ 
ployed to reduce the reflected im¬ 
pedance from the reactance tube. 
Furthermore, all stray capaci¬ 
tances were eliminated from the 
oscillating circuit, tuning being 
done by a variable polyiron slug. 

Curve B of Fig. 2 shows the de¬ 
viation obtained by this circuit. 
However, only 60 percent of the 
total deviation was in the linear 
portion of the frequency vs control 
voltage characteristic, as shown in 
Fig. 3. By operating the oscilla¬ 
tor at a fundamental of 29.5 or 
39.3 me and multiplying, it was 
possible to obtain the 20-mc devi¬ 
ation at 118 me. Of course, the 
necessity of loading or using band 
pass circuits made multiplication 
difficult. The electron-coupled oscil¬ 
lator was advantageous because it 
permitted multiplying in the output. 

Two phasing networks, one be¬ 
fore and one after * the cathode 
follower, are used, tube input ca¬ 
pacitance forming the reactive 
legs. If the transmission of the 


cathode follower is assumed to be 
0.6,^°, the vector diagram of the 
voltages is as shown in Fig. 4, so 
that the reactive modulator plate 
current hn is 

I PR * gmEr (0- 6/0°) cos 4>i cos cos 

and the sum of the angles 
and is ic/2. By partial differ¬ 
entiation, it can be shown that max¬ 
imum IpR occurs when each of these 
three angles is x/6, at which condi¬ 
tion IpR is approximately OAgmEr* 
However, because there is a compo¬ 
nent of Ip in phase with Er, resis¬ 
tive loading will occur, which will 
vary with frequency. By properly 
proportioning the R-C phasing net¬ 
works this loading can theoreti¬ 
cally be eliminated (when 4- 
— 7 u/ 2 ; ” 0 and Ip ~ Ipr')* 

Due to secondary effects not con¬ 
sidered, it is doubtful if this ideal 
condition can be attained. In prac¬ 
tice, cut-and-try was used to ob¬ 
tain the maximum frequency devi¬ 
ation compatible with the permis¬ 
sible resistive loading. To be able 
to evaluate the closeness with 
which the optimum condition is 
approached, the theoretical devia¬ 
tion can be determined prior to ad¬ 
justing the circuit. Because maxi¬ 
mum IpR is approximately OAg^Er, 
the minimum added reactance is 

Er/Ipk MAX ^ 2A/gm 
and the minimum added induc¬ 
tance is 

L% Mttt » 2.6/2wf(tgm 




FIG. 3—Cunra ihowi llBearity ol modulotor 



If we define a constant 

K ■■ LrANx/Li MtN « Qn/Ixff’faCTAN R 

and suppose g^ to have a range of 










770 


aECTRONICS MANUAL FOR RADIO ENGINEERS 



FIG. 5—^Knowing circuit constontt, on* con 
find maximum daviatioii from this chart 


20 to 1 with variation in reactance 
tube control voltage, we get by 
subtracting 

/max — /.w/A' »» fa AT -f- -* 

(1 -f a :/ 2 ()) v =‘1 

From this result the dimensionless 
ratio A///o has been plotted in 
Fig. 6 to provide a ready method 
of computing theoretical maxi¬ 
mum deviation for a given center 
frequency for any type tube. 


To verify this theory, operation 
of a practical adaptation of the 
circuit was studied. Using = 
6,000 /xmhos and Ctask — 13.6 pf 
(checked in actual circuit) for a 
6AK6 oscillator, 6C4 buffer, and 
6AK5 reactance modulator, curve 
A for Fig. 2 was obtained; curve 
B is the actual performance curve. 
The maximum obtainable A/ from 
a conventional triode oscillator 
and reactance tube combination* 
is shown as curve C. These curves 
represent the maximum A/, not 
the range of linear frequency vs 
control voltage response. 

Numerous tests made with this 
circuit indicate that tube replace¬ 
ment is not critical, although a 
6AK6 reactance tube of definitely 
low g„^ does reduce the sweep. Con¬ 
trol of the sweep range is easily 
accomplished by a potentiometer 
between saw tooth oscillator and 


reactance tube control grid. 

The circuit can be adapted to 
other uses with or without the mul¬ 
tipliers. It has application in a 
panoramic receiver as the sweep 
oscillator, as a sweeping oscillator 
for i-f amplifier alignment, and as 
a wide band noise generator. 

The author is appreciative of 
valuable criticism and assistance 
given by numerous engineers of 
the Airborne Instrument Labora¬ 
tory. In particular, M. T. Leben- 
baum helped during design and 
construction of the oscillator and 
by his constructive review of this 
paper. 
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Extending Linear Range of Reactance 

Modulators 


Large frequency deviation can be 
obtained directly from a frequency 
modulated oscillator by interposing 
a stage of amplification between 
the oscillator tank and the grid of 
the reactance tube. 

Principlg of Oporofion 

In the basic reactance tube fre¬ 
quency modulated oscillator, a var¬ 
iable reactive current /j, whose 
magnitude is controlled by the mod- 



By FRITZ BRUNNER 

ulating signal is supplied through 
a reactance tube to the tank circuit. 
The oscillator tube supplies a con¬ 
stant in-phase current h to the 
tank circuit as shown in Fig. 1. 
Under these conditions the instan¬ 
taneous frequency is 

/«i- 1 - 

^ 2m[L{C + 

where L is the inductance of the 
tank, C is its capacitance, and E 
is the voltage across it. If the res¬ 
onant frequency of the tank circuit 
is 

fo - l/2ir(LC)»^ 

the deviation frequency approxi¬ 
mates 

which shows that the extent of the 
deviation is directly proportional 
to the reactive current supplied by 
the reactance tube. 


In conventional reactance tube 
f-m oscillators la is obtained 
by shifting the phase of the tank 
circuit voltage as near as possible 
to 90 degrees by a resistance-re¬ 
actance circuit, and using this volt¬ 
age to control the reactance tube. 
Unfortunately considerable attenu¬ 
ation is associated with the phase- 
shifting network, so that the /« 
available from the reactance tube 
is small in comparison to the volt¬ 
age across the tank circuit. The 
frequency deviation that can be 
produced, especially at vhf, despite 
the greatest possible L/C of the 
tank circuit, is small. The oscillator 
must often be followed by several 
multiplier and converter stages to 
yield the necessary frequency devi¬ 
ation. 

The introduction of an amplifier 
before or after the phase splitter 








TRANSMITTERS 


771 



no. 2 — ImproTsd i-m oaeUloion 


makes possible greater deviation. 
Because the phases in this amplifier 
affect the stability of the oscillator, 
only one stage can usually be used. 

Circuit Simplificofioii 

The simplest arrangement is to 
use the dynamic plate resistance of 
the amplification tube as the re¬ 
sistance of the phase shifter as is 
done in Fig. 2A. If this tube has 
a high plate resistance, the voltage 
appearing across the reactance is 
shifted nearly 90 degrees. This re¬ 
actance can be either an inductance 
or a capacitance. The reactive cur¬ 
rent delivered to the tank circuit 


can be modulated by changing the* 
effective mutual conductance of one 
or more of the tubes associated 
with it. 

At very high frequencies only 
the tube capacitances need be used 
for^the reactive component of the 
phase shifter. At higher frequen¬ 
cies the transit time in the re¬ 
actance tube can supply the 90 de¬ 
gree phase shift so that a single 
transit-time reactance tube re¬ 
places the two tubes. Otherwise the 
effect of transit time can be 
counteracted by adjustment of the 
phase shifter. 

The circuit can be simplified still 
further by using the oscillator tube 
simultaneously as the reactance 
tube as shown in Fig. 2B. 

Procficul Exucufion 

To obtain the largest possible 
frequency deviation with good sta¬ 
bility, it is necessary to limit the 
amplitude of operation to the linear 




FIG. 3—^TTpicol •xpurimuntal rutulto 


portion of the grid characteristic 
of the amplifier. A crystal diode 

can provide this limiting. 

The fact that the tank circuit ca¬ 
pacitance is distributed over the 
several tubes of the system must 
be taken into consideration. If, at 
vhf, the inductances of the tube con¬ 
nections are too near that of the 
tank circuit, and the reactance tube 
supplies a strong reactive current, 
oscillation may be unstable. This 
condition can be avoided by increas¬ 
ing the inductance of the tank cir¬ 
cuit, decreasing the tube capac¬ 
itances, and decreasing the induct¬ 
ances of the connections, possibly 
by concentrating all the tubes in 
one envelope. 

Using the oscillator tube as the 
reactance tube also, and using low 
transconductance tubes, linear de¬ 
viation and constant amplitude of 

oscillation were obtained. Figure 
8 shows typical experimental re¬ 
sults. At frequencies where the re¬ 
actances are concentrated in the 
tank circuit, frequency deviations 
of 10 percent of the mean fre¬ 
quency can be obtained with reason¬ 
ably magnitude. Even in the uhf 
range frequency deviations com¬ 
monly obtained at lower frequencies 
can be produced, so that the mean 
frequency can be regulated with¬ 
out inertia in a wide range by su¬ 
perimposing a control voltage on 
the modulating voltage. 


Stability of Crystal Oscillators 

Factors affecting crystal oscillator drift and practical means of minimizing them are dis¬ 
cussed. Design of a secondary frequency standard serves as an example 


By A. J. ZINKp JR. 


I N DEVELOPING an ultrahigh-fre- 
uency secondary standard, it 
was decided to use a fixed-tuned 
crystal oscillator as a frequency 
base. Use of such oscillators in 
standard frequency generators and 
for stabiliziug the frequencies of 


radio carriers is familiar. However, 
in designing a secondary frequency 
standard it is advisable to re-evalu¬ 
ate the factors affecting oscillator 
stability. 

In the particular design under 
discussion, it was considered essen¬ 


tial to have a constancy of fre¬ 
quency of ztO.OOl percent for long 
periods of time. A crystal operating 
at 100 kc was to be used. This sta¬ 
bility figure was derived from the 
fact that a final accuracy of =^0.0025 
percent was required of the com- 
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FIG. 1—Typical instabiUtiM ol crystoUi 


pleted instrument. Allowable error 
must be distributed over several 
factors: stability^of the crystal, hu¬ 
man error in calibrating the tun¬ 
able oscillator, tunable oscillator 
tracking error, and tunable oscil¬ 
lator short-time instability. It 
would seem entirely proper, there¬ 
fore, that the crystal be reliable 
within the stated figure. 

We shall consider the factors 
which will contribute to a satisfac¬ 


tory crystal calibrator of ±z0.001 
percent accuracy. 

Crystal Temperature Coeffi¬ 
cient —All too commonly we accept 
the crystal temperature coefficient 
supplied by the manufacturer with¬ 
out seriously considering what it 
means. A temperature coefficient of 
one cycle per megacycle per degree 
Centigrade, for example, does not 

indicate that we need only multiply 
our temperature range by this fig¬ 
ure to find the maximum frequency 
change. Figure lA indicates that 
temperature coefficients are not 
linear with temperature. It does in¬ 
dicate, however, that that is ap¬ 
proximately true for a relatively 
narrow range of temperature. If the 
crystal is operated in an oven at 
the best portion of its characteris¬ 
tic, we can expect good results. It is 
important to note that seldom do 
two crystals, cut from the same slab 
and processed in the same manner, 
possess identical temperature coeffi¬ 
cients of frequency. 

Crystal Ageing —Careful meas¬ 
urements on crystal-controlled oscil¬ 
lators show progressive frequency 
changes, such as those plotted in 
Fig. IB, which are rightly attri¬ 
buted to ageing. It is believed that 
the grinding process tends to leave 
a surface accumulation of both the 
abrasive and pulverized quartz. 
This material dusts from the sur¬ 
face with a resulting slow change 
of frequency. Such ageing is noted 
even with carefully washed and 
acid-etched plates. It is also believed 
that microscopic surface fractures 
left by the grinding process con¬ 
tribute to the ageing effect. A mini¬ 
mum operating period of two weeks 
seems to be required to reduce age¬ 
ing to a tolerable value and it is 
possible that at the end of this 
period some crystals must be re¬ 
jected. 

Temperature Control— A rela¬ 
tively simple thermostatically con¬ 
trolled oven will maintain the crys¬ 
tal temperature to within plus or 
minus one degree Centigrade of 
some selected temperature. The 
temperature variation affects the 
frequency in the manner depicted 
in Fig. 1C. Experience has shown, 


however, that the thermostat itself 
ages, and that the crystal may well 
run a few degrees cooler after some 
months of operation. 

Crystal Mounting — It goes 
without saying that the matter of 
properly mounting a crystal is 
highly specialized and must remain 
a problem of the crystal manufac¬ 
turer. Judged by the writer's ob¬ 
servations, crystal mounting is per¬ 
haps the limiting factor in overall 
stability. Very few completely as¬ 
sembled ovens and crystals on the 
market seem entirely satisfactory. 
Two highly developed commercial 
units are compared in parts of Fig. 
1; ageing is shown at Fig. ID. Fig. 

shows warmup. Obviously, unit 
B is a great improvement over unit 
A. Because unit A employs a spring 
mount with crystal contacts which 
are not located at the nodal points, 
we would expect both ageing of the 
springs and shifting of the contact 
points. Lessening of spring pressure 
tends to cause ageing to higher fre¬ 
quencies while conversion of the 
metallic coating to an oxide results 
in increased crystal pressure and, 
consequently, shift to a lower fre¬ 
quency. Incidentally, both crystals 
had directly deposited silver elec¬ 
trodes. 

Otcillafor Taft Clrcait 

Figure 2 shows a test setup 
capable of measuring minute fre¬ 
quency shifts in either relative or 
absolute terms. The 100 kc crystal 
oscillator, and its associated buffer 
stage, is contained within a test 
chamber capable of producing and 
maintaining known ambient tem¬ 
peratures. The buffer feeds a har¬ 
monic amplifier which produces a 
few millivolt output at 10 me. This 
harmonic amplifier is fed to the in¬ 
put of a 10 me receiver tuned to 
WWV, and the crystal is purposely 
detuned to produce a beat note of 
perhaps 200 cps with the standard 
signal. The low-pass filter removes 
the 4,000-cp8 modulation normally 
on the WWV carrier but passes the 
440-CP8 modulation plus the 200-cps 
beat note. The resulting output is 
fed to one pair of deflection plates 
of a standard osciUoscope, the other 
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FIG. 2- 


lolorg againit WWV 


pair of plates being fed by a cali¬ 
brated audio oscillator. 

Examination of the test setup in¬ 
dicates that all measurements are 
made against a 10 -mc primary 
standard accurate to at least one 
part in ten million. The 100th har¬ 
monic of the 100 -kc crystal is be¬ 
ing compared with this standard, 
and crystal frequency shifts are 
thus made 100 times more evident. 
A shift of one cps at 10 me is the 
equivalent of a 0 . 01 -cps shift at 
100 kc. The output of the receiver 
contains two different frequencies, 
one the normal 440-cps modulation 
of WWV and the other the 200-cps 
beat note. When the audio signal- 
generator frequency is varied, two 
1:1 frequency ratio patterns are ob¬ 
tained. The pattern obtained at 440 
cps serves to calibrate the audio¬ 
frequency generator and the 200 
cps pattern is a direct measure of 
the beat note frequency. The proce¬ 
dure is seen to be entirely satisfac¬ 
tory for our requirements. Shifts of 
five-cps crystal frequency can be 
read directly on the audio signal 
generator. It is easily possible to 
estimate shifts of one cps. The re¬ 
sulting accuracy of measurement is 
thus in excess of 0.5 part per mil¬ 
lion. 

Ciregit Sgleetloa 

Reviewing requirements for a 
secondary standard, we realize that 
sound engineering is the ultimate 
aim, and that standard components 
should be employed insofar as pos¬ 
sible. Extremely complex circuits, 
difficult production testing, and 
costly special parts should be 
avoided. Our unit should be: ac¬ 


curate to within =t= 0.001 percent 
over periods exceeding one month, 
stable over ambient temperatures 
commonly encountered in the 
United States (32 to 120 F), and 
reasonably stable under shock. 

To satisfy the first two require¬ 
ments, we recognize the need of 
temperature control because an ac¬ 
curacy of only about =t; 0.02 percent 
is considered normal with uncon¬ 
trolled low-drift crystals. The oven 
is also required to combat the wide 
range in ambient temperature. The 
third requirement rules out any but 
rigid crystal mounts. 

The circuit used is shown in Fig. 
3. In addition to simple construc¬ 
tion, it has other attractive fea¬ 
tures. Many thermostatically con¬ 
trolled ovens with enclosed crystal 
holder have at least one massive 
contact plate designed to have high 
thermal capacity. A circuit such as 
this one in which this contact can 
be grounded is desirable. A conven¬ 
ient method of accurately setting 
the crystal to a frequency standard 
is also necessary. A small air trim¬ 
mer Cl is used in the circuit to make 
this adjustment. The rotor is 
grounded, which removes effects of 
hand capacitance. Crystals designed 


for this method of tuning are pro¬ 
duced about 25 cps high in fre¬ 
quency because wiring capacitance 
plus the capacitance in Cx lowers 
the crystal frequency. An undesir¬ 
able feature of this circuit is the 
fact that variations in tube input 
capacitance, designated C 7 , also 
tune the circuit. A high ratio of Ci 
to Ct is desirable in reducing this 
effect. 

Now, having chosen our circuit, 
we should apply those means of 
stabilization which will increase its 
effectiveness. 

Adequate protection against low 
impedance changes is afforded by 
lightly coupling a pentode buffer 
amplifier to the oscillator. If this 
buffer is run Class A, it will draw 
negligible grid current and avoid 
the possibility of reflecting load 
changes back to the oscillator plate 
circuit. 

Opfimam Coadlfioat for Stablllfy 

The oscillator plate circuit itself 
deserves more than casual mention. 
The crystal is being operated in a 
shunt resonant condition which re¬ 
quires that the plate circuit be in¬ 
ductive in order that proper phase 
conditions for oscillation exist. This 
is simply another way of saying 
that the plate circuit must be tuned 
to a frequency higher than 100 kc 
in order that the crystal oscillate at 
all. Right and Willard (Proc. I.R.E., 
p 549 May 1937) have found that by 
proper choice of Ct and C„ a high 
degree of protection against fre¬ 
quency changes due to variations in 
electrode voltages and circuit con¬ 
stants is provided. The tuning pro¬ 
cedure is to alternately adjust Ct 
and Ca for the highest oscillator fre¬ 
quency. In the circuit shown, the 
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FIG* 4—typical cryital and ov«n aMambly con b* axpacted to have this againg 
characteristic lor intormlttant oporatlon during its iirst low wooks ol oporotion 


plate circuit is then resonant at 
about 300 kc. 

Figure 4 is a combination of 
curves from Fig. IB and IE, and 
indicates the ageing trend if the 
crystal oscillator is operated for 
eight out of every 24 hours. It is 
apparent that day-to-day shifts are 
progressively less, and that the age¬ 
ing curve is much more prolonged 
in terms of days although not neces¬ 
sarily in total hours. The difficulty 
of predicting what would happen 
under such operating conditions 
makes it essential to operate the 
unit continuously for highest sta¬ 
bility. 

Effects of moderate variations in 
either ffiament or plate supplies are 
not as great as would ordinarily be 
expected, if the circuit is properly 
designed. The complete circuit, as 
shown, has an instantaneous crystal 
frequency shift of about =t:5 cps or 
one part per million when the line 
voltage is varied abruptly from 95 


to 125 volts. A less rapid shift is 
also evident after the heater voltage 
has assumed its new potential. The 
effects, however, are so slight that 
they are difficult to identify. During 
the above check, the VR tube still 
controls the plate supply voltage. 
The choice of regulator was made 
on the basis of its excellence as a 
regulator plus tube-to-tube uniform¬ 
ity. Experience has dictated that the 
VR-105, VR-150, VR-90 and the VR- 
75 are to be preferred in that order. 

We are now in a position to judge 
overall stability if we consider one 
additional factor, namely, tempera¬ 
ture stability under an ambient tem¬ 
perature range from 32 to 120 F or 
about 50 C. Manufacturers’ data in¬ 
dicates a change in frequency of 
about ztzO.OOOl percent for a high- 
quality crystal and a well designed 
oven. Here are the figures: 

Cause of Drift Percent Drift 
Instability due to ambient 

temperature.dbO.OOOl 


Approximate ageing per 


month. dtO.0007 

Instability due to line 
voltage variation. sfcO.OOOl 

Total.:t:0.0009 


From the tabulation above, it can 
be seen that the most significant 
weakness is the comparatively high 
shift of frequency due to ageing, 
which is in turn largely attributed 
to the mounting of the crystal. 

Desired accuracy can, however, 
be attained by careful oscillator cir¬ 
cuit design and by thorough produc¬ 
tion testing. All crystals must be 
aged at least two weeks and those 
with high ageing characteristics re¬ 
jected. Knowing the ageing trend 
of each crystal, the oscillator itself 
can be tuned to take advantage of 
anticipated drift. It should be 
pointed out that any such detuning 
would amount to only about 0.1 cps 
at 100 kc in an average case. 
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Transmitter Breakdown Alarm 


A device installed on the moni¬ 
tor rack of CFRN give a warning 
of interruption of program service. 
A bell rings instantly on failure of 
the carrier and the same bell also 


By W. K. AN60S 

rings, after an appropriate delay 
of 16 or 20 seconds, if there is any 
interruption in the audio level from 
the studio. 

The unit haa since proved its 


usefulness. On at least two oc¬ 
casions it gave warning of program 
interruptions when the operator 
was talking on tiie phone with the 
monitor speaker cut. 
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Compute circuit oi tho transmlttor brookdowa alarm. Tho boll rings Immodl- 
ately if tho carrior Is interrupted, and U tho carrior is mointalnod without 
modulation for moro than about 15 soconds 


The circuit finally employed is 
given in the diagram. The d-c relay 
should be adjusted to close at 4 ot 
5 ma and release at 1.6 ma or bet¬ 
ter. (A less sensitive relay can 
sometimes be used by bleeding some 
additional current through it with 
a resistor.) This relay is in the 
plate ^circuits of the 6J7 and the 
two 6K7 control tubes which are 
normally biased to cut-off. 

The grid of the input stage is 
fed with a small amount of r-f 
from some convenient place, or a 
short antenna can be used. The 
output circuit is tuned to the oper¬ 
ating frequency and coupled to the 
first half of the 6H6 rectifier. The 
voltage so developed across the 
diode load resistor is applied, with 
minimum time delay, to the grid 
of the 6J7 control tube. The relay 
closes instantly when this tube loses 
its bias. 

The audio component from the 
same source is amplified by the 6C5 
and rectified by the second half of 
the 6H6, thus providing the cutoff 
bias for the 6K7*s. The two tubes 
in parallel give more reliable oper¬ 
ation than one tube used alone. 
Two 6J7 tubes were tried here but 
proved to be somewhat tempera¬ 
mental due to their sharp cutoff 
characteristics. 

A good tubular paper capacitor 
should be chosen for the delay net¬ 
work. Larger paper capacitors of 
the block type give erratic opera¬ 
tion due to leakage. The network 


arrangement results in high bias 
voltage from the 6H6. The capaci¬ 
tor charges in a second or two 
which is desirable from the stand¬ 
point of uniformity of time constant 
with varying program conditions. 

On failure of modulation, the 
time that elapses before the bell 
will ring is determined by the r-f 
input, the voltages on the control 
tubes and the setting of the relay, 
as well as by the constants of the 
resistance-capacity network on the 
grids of the 6K7's. The metering 
jack for watching the performance 
of the control tubes when adjust¬ 
ing the unit is almost indispensable. 


The stand-by switch and the bell 
itself are the only parts mounted 
on the front panel. At present we 
are operating the bell on the fila¬ 
ment circuit. This means that the 
alarm will not function on a power 
line failure, although the beU will 
ring about fifteen seconds after the 
resumption of power if the trans¬ 
mitter does not also come back on. 

This condition will be remedied 
when we obtain another sensitive 
relay to place in parallel with the 
first one. Then, with a small 
bleeder resistor to hold the second 
relay open and batteries for the bell 
circuit, the unit will be complete. 


Wide-Angle Phase Modulator 


Technique for phase modulating a crystal-controlled carrier, whereby two compon¬ 
ents of fixed phase difference are amplitude modulated and added to give the out¬ 
put, is described. Circuit can be used to give frequency modulation, or modified to 

give amplitude modulation 

By H. K. BRADFORD 


A FBBQinBNCy-M(M>ULAT10N SJTB- 
ton was developed concur- 
rentijr with unplitude-modulstion 
equipment for railroad communica¬ 


tion 80 that its advantages could be 
made known to the railroads. The 
equipment was designed so that 
conversion from one type of modu¬ 


lation to the other woujd be as 
simple as possible. While the 
amplitude-modulation system is 
conventional, the frequency-modu- 
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FIG. 1—Basic modulator consists ol a phass-shiltinq not work FIG. 2—Addition of two compononts ol vorylng omplltudo and 

foodlng two difforontial amplltudo-modulotlng tubss. The constont phose diiferonco glees a signal of constant omplltude 

▼ector output is phose moduloted ond rorylng phase position 


lation system offers some inter- 
estinfir aspects. 

The phase-shift method of 
modulation was chosen for this 
mobile equipment so that direct 
crystal control could be used for the 
carrier. The use of a master 
oscillator with correction circuits 
necessary for the frequency stabil¬ 
ity required in the vhf band of 152 
to 162 me was regarded as imprac¬ 
tical. With phase-shift modulation, 
the carrier is derived from a crystal 
oscillator, the frequency of which 
remains unchanged in the process 
of modulation. 

With reactance-tube frequency 
modulation the base or oscillator 
frequency can be changed as much 
as desired within the circuit capa¬ 
bilities, but with phase-shift modu¬ 
lation we do not change the base or 
oscillator frequency, we continu¬ 
ously shift the phase of a frequency 
component derived from the oscil¬ 
lator. The oscillator component is 
never completely detached from the 
multiplier-amplifier following it so 
its component is always part of the 
driving force. For this reason the 
phase shift is lifted to an amount 
which will not seriously change the 
driving amplitude. 

For example, if the phase shift 
becomes as much as 180 degrees, 
the derived phase component will 
cancel the normal oscillator com¬ 
ponent and there will be no output, 
providing that the amplitudes are 
equal. This fact restricts the angle 
of phase shift to an amount which, 
with the oscillator component, will 


not seriously affect the total ampli¬ 
tude used to drive the multiplier- 
amplifier. For a complete discus¬ 
sion of the theory of various forms 
of angle modulation refer to Fre¬ 
quency Modulation by W. L. 
Everitt, A. /. E, E, Trans., Nov. 
1940, p 613. 

For the purpose of this discus¬ 
sion we will regard phase-shift 
modulation as adding or subtract¬ 
ing increments of time throughout 
each r-f cycle. If equal increments 
of time are added to each cycle, the 
resultant frequency will be lower 
than before and constant. How¬ 
ever if we add increasingly larger 
increments of time to succeeding 
r-f cycles, the frequency reduces in 
accordance with the sizes of these 
increments. If the increments are 
proportional to sine functions, 
those at the beginning of the 
modulating cycle will be largest, 
displacing the frequency by the 
greatest degree, while those toward 
90 degrees of the modulating cycle 
will tend toward zero, at which time 
the r-f will return to normal fre¬ 
quency. The carrier deviation is 
proportional to the rate at which 
these time increments increase or 
decrease and not to their magni¬ 
tude. 

If the phase between two carriers 
remains constant they wiU have the 
same frequency regardless of the 
amount by which their phase dif¬ 
fers. Thus if time (and hence 
phase) increments follow a sine- 
wave form, their rate of change 
will follow a cosine form. If these 


increments follow a transient form, 
their rate will follow as their first 
differential. 

If we define the instantaneous 
voltage of a sine wave as 

6 Et sin (Jit (1) 

we must realize that the angular 
velocity is changing in fre¬ 
quency modulation according to one 
law for the reactance tube and ac¬ 
cording to another for the phase- 
shift method. Suppose that we are 
to phase-shift modulate with an¬ 
other sine wave defined as E, sin o),t, 
then the angle (i>t in Eq. 1 would 
have to be altered as (of -h Ex sin 
u),t. However the amplitude here 
defined as Ex has the meaning that 
a maximum number of degrees or 
radians of angle is to be added to 
or subtracted from the original 
angle o). The circuit analysis to 
follow will show that the a-f ampli¬ 
tude El produces a proportional 
phase shift. If it is more convenient 
to regard <i>t as a rotation, then the 
addition of E, sin (D,f simply means 
that this rotation is periodically 
accelerated and decelerated by an 
amplitude Ex and a period If 
Ex is actually a maximum angle set 
by the design of the equipment, it 
may be designated more properly as 
an angle ^ in which case the entire 
equation for a phase-modulated 
wave becomes 

« At till (mI 4- ^ tin a»i() (2) 

Because we are not immediately 
interested in the energy distribu¬ 
tion in the radio spectrum it is 
possible to make a very simple 
analysis of Eq. 2. 









TRANSMIHERS 


717 



FIG. 3—Dstorminotioii ol fr^quMcy devi¬ 
ation produced by modulator 


The part of the total carrier 
angle 4 - sin which accounts 
for modulation only is 4> sin u>if. 
Moreover, we have just found that 
it is the rate of change of this 
expression which determines the 
frequency deviation of the carrier, 
hence 

Ziraf cos io\t 

•“ COB (ait 

a/ * COS ia\t (( — 0 for A/om») 

(3) 

where m ** 2ir/m 

/m » modulating frequency 
^ - angle in radians 

CIrcait OparotfoR 

A simple circuit for performing 
this type of modulation fundRmen- 
tally is shown in Fig. 1. Elements 
Cl and Li are the crystal-oscillator 
plate-tank components adjusted for 
oscillation in the usual way. The 
circuit LaC;,, inductively coupled to 
the oscillator tank, is adjusted so 
that it acts capacitively. For exam¬ 
ple, if the phase shift produced by 
Ct and L, while loaded with Caft and 
the distributed input values of Mod 
No. 1 could be made plus 45 degrees, 
and that from LjCt in turn made 
minus 45 degrees by detuning for 
higher inductance, then the poten¬ 
tial on Mod No. 1 would be 90 de* 
grees out of phase with respect to 
that of Mod No. 2 (Fig. 1). 
Now if these tubes (12SA7*s) 
are differentially (push-pull) 
amplitude modulated at their 
No. 8 grids by an a-f input indi¬ 


cated so that the r-f in the No. 1 
grids can be used in inverse de¬ 
grees, CXa will alternately be driven 
with the r-f component from the 
grid of one of the 12SA7 modulate 
ors and then the other. During one- 
half of an audio cycle, the utility of 
the r-f energy in the modulator 
grid circuits will be transferred 
from one 12SA7 to the other and 
90 degrees of r-f phase will be 
gained or lost depending on the in¬ 
stantaneous polarity of the a-f. The 
modulation process will bring about 
a smooth transition of energy from 
one source to the other. 

The mechanism of this type of 
modulation is shown in Fig. 2. The 
designation c, refers to the carrier 
component entering the grid of 
Mod No. 1 (12SA7) of Fig. 1 and 
e, is the wave entering the other 
12SA7 modulator grid. Each cycle 
of Cl is marked off and its period Ti 
is constant. Likewise has a con¬ 
stant period T, and throughout the 
entire range of it is lagging by 
exactly 90 degrees. 

Now e, is decreasing in amplitude 
due to amplitude modulation, while 
Ca is increasing in amplitude. The 
sum of these two waves is desig¬ 
nated Ca. This sum-wave (dotted 
curve Fig. 2) appears in CaL. of 
Fig. 1. Note in Fig. 2 that as the 
amplitudes of Ci and c, change in¬ 


versely the sum-wave Ca is actually 
changing frequency. Its frequency 
is lowered by the ratio of (AT, -f T,) 
to Tj. It appears to be changing 
phase with respect to c,. If this 
process can be made to take place 
fast enough, a considerable fre¬ 
quency change can be brought 
about. To understand how a phase 
shift amounting to a fraction of an 
r-f cycle can bring about many 
hundreds or even thousands of cy¬ 
cles deviation, it is important to 
note carefully that only one-half of 
one a-f cycle from positive to neg¬ 
ative peak is shown in Fig. 2. 

We must produce all of the r-f 
frequency change or deviation from 
the carrier in the time consumed 
by one-half of an a-f cycle just as 
we must achieve all of the ampli¬ 
tude change from peak to peak of 
the a-f cycle in this time. An ex¬ 
ample of the conditions actually 
used may serve even better to ex¬ 
plain the phase modulation. 

With a carrier of 4.6 me and an 
a-f of 1,000 cycles, in l/2000th sec¬ 
ond we must obtain 90 degrees of 
phase shift between the two carrier 
components derived from the oscil¬ 
lator. In this time there will occur 
4,500,000/2,000 or 2,250 r-f cycles. 
At the middle or 1,126th r-f cycle 
the maximum deviation will occur. 

There will be 46 degrees r-f phase 
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shift at the middle cycle covering 
90 degrees of the a-f cycle. Thus 
the maximum phase shift per r-f 
cycle to quite a high degree of ac¬ 
curacy will be 

A/ « 45 Bin (90/1125)“ 

« 45 Bin 0.08“ 

« 0.06264“ 

Figure 3 shows the conditions in¬ 
volved here. Because these values 
are given in degrees, it is obvious 
that if the time of one cycle is 
measured by 360 degrees that the 
time of this cycle in question is 
longer by 0.06264 degrees and the 
ratio of 360 to 360.06264 is 1.0 to 
1.000174. Multiplying 4.6 me by 
this figure we obtain 4.500783 me 
showing that the carrier has devi¬ 
ated 783 cycles from 4.6 me. From 
£q. 3 it is clear that the deviation is 
proportional to the a-f times the 
total angle of phase modulation. 
For example with 1,000 cycles a-f 
and a total phase shift of 90 de¬ 
grees or n/2 radians, from £q. 3 
we have 1,000^/2 or 1,566 cycles 
total deviation of which 783 cycles 
or one-half of this is the deviation 
in one direction from the carrier. 
Thus by this process of rapidly 
shifting phase, it is possible to 
change the frequency considerably. 

The method of modulation of the 
12SA7 modulators from the ampli¬ 
tude viewpoint in Fig. 1, is not im¬ 
portant except that it must be as 
linear as possible and as near 100 
percent as possible if the advan¬ 
tages of total phase shift are to be 
realized. Grid modulation using 
converter tubes such as the 12SA7’s 
shown in Fig. 1 provides a good 
means although 100-percent modu¬ 
lation may not always be realized. 
Plate modulation would seem effec¬ 
tive although more apparatus is re¬ 
quired and the circuit is thereby 
made more complex. 

Because the r^f phase-shift rate 
and hence the deviation of the car¬ 
rier is dependent upon the a-f, the 
degree of modulation must be made 
inversely proportional to the a-f if 
a constant bandwidth is desired. A 
network for accomplishing this was 
found unnecessary however and 
was not used. Because the transient 
noise components are largest in the 
upper part of the a-f band the mod¬ 


ulation factor (ratio of carrier 
deviation to a-f) being constant, 
the noise will be attenuated more 
than it otherwise would be. Audio 
correction can be made easily in the 
a-f system of the receiver. 

Fraefieal Clrcslf 

Although the circuit of Fig. 1 is 
useful for explanation it is not a 
practical circuit. Adjustment of 
the phase-splitting circuit LaC^, 
would affect the operation of the 
oscillator. Every time the oscillator 
is adjusted, the phase between the 
grids of the 12SA7 modulators is 
altered. Out of .several circuits 
tried, a final design was chosen. It 
is shown in Fig. 4. In this circuit, 
the oscillator may have any phase 
suitable for oscillator tank compon¬ 
ents C, and Lt. 

Using the output voltage at C# 
as a reference, components are fed 
through resistors Ei and E* to two 
individual tank circuits LzC. and 
L;»C74. The shunt impedances of these 
tank circuits unloaded are approx¬ 
imately 80,000 ohms at resonance 
and they lose about 80 percent of 
this value when displaced 46 de¬ 
grees in phase by tuning. Values 



linearity 


of i2i and iZa up to 660,000 ohms 
were found quite successful, but 
lower values made adjustment of 
Ls and Lt less critical and suitable 
for a fair degree of oscillator fre¬ 
quency range without readjust¬ 
ment. In addition, the grid driving 
voltages into the phase modulators 
were increased to a more practical 
degree through a more favorable 
voltage division between the series 
resistors Ri and and the tuned 
circuits. 

The grid drive must be just ade¬ 
quate to produce a vector sum in 
the plate circuit CtL* sufficient to 
drive the following tube. More than 
this amount of drive makes grid 
modulation less effective in the lim¬ 
ited grid range for a-f. Values of 
56,000 ohms for R, and R^ were 
found satisfactory. Capacitors Ct 
and C 4 are large enough (27 /i^f) 
so that the modulator tubes can be 
replaced without readjustment of 
Ln and L, and to provide ready com¬ 
pensation for distributed capaci¬ 
tances. Bias and bypass compon¬ 
ents are conventional. 

Because the driving power was 
more than enough for the purpose, 
it was found more practical to use 
grid or plate suppression of self¬ 
oscillation than any form of neu¬ 
tralization. Grid suppressors R^ and 
Ro are shown in Fig. 4 and are ade¬ 
quate for the purpose. Inductors Li 
and Ln can be adjusted with an os¬ 
cilloscope and set for the life of the 
equipment. They are set at the r-f 
grids of the phase modulators for 
the most perfect circle obtainable 
(showing 90 degrees phase differ¬ 
ence between the r-f components 
fed to the grids). Phase modula¬ 
tion can be observed and the actual 
angle of modulation measured by 
attaching the vertical and horizon¬ 
tal free oscilloscope' plates to C, 
and Ct, and adjusting L« for a 
straight diagonal line in the ab¬ 
sence of modulation. Modulation 
will open the line into a family of 
ellipses the limits of which will be 
an index of the angle of phase mod¬ 
ulation. Ninety degrees phase 
modulation will be indicated when 
the major axes of these ellipses are 
four times the lengths <rf their 
minor axes and their major axes 




TRANSMITTERS 


779 



FIQ, 6—Curve ihowi degree of nonlin¬ 
earity in modulator circuit 


are 45 degrees from each other in 
their limiting positions. 

The oscillator frequency was ar¬ 
ranged to be multiplied 36 times to 
the vhf output of 152 to 162 me to 
take advantage of the phase modu¬ 
lator and have a deviation of ap¬ 
proximately 30-kc total at the car¬ 
rier output. For overall modulation 
angles in the neighborhood of a 
radian, the overall distortion was 
found to be about 9.5 percent so 
the following calculations were 


made to determine the distortion 
inherent in the phase modulator 
for 90 degrees total phase shift (ap¬ 
proximately 1.5 radians). 

Figure 5 shows vector grid com¬ 
ponents A and B 90 degrees dis¬ 
placed, and a sum vector C. Linear 
amplitude modulation of A and B 
will subtract an increment AA from 
the A vector and add an equal in¬ 
crement ^B to the B vector at any 
arbitrary point in the a-f cycle 
simply by definition of linear modu¬ 
lation. These increments will pro¬ 
duce a phase shift A</> of the sum 
vector. Line EF is the locus of all 
positions of the sum vector C limit, 
and by geometry, any increment 
such as AA will intersect propor¬ 
tional increments along EF. The 
angle A</> however, will vary 
throughout the distance EF. From 
Figure 5, it may be seen that 


c 

^ = C 08 <^ 

(5) 

Rnd d. 
C' 

«= cos {<i> -{- 45®) 


or .4 

C cos {4> + 45®) 

<0) 

Substituting Eq. 5 in Eq. 6 


A -= 

C cos {(ft + 45®) 
cos 

(7) 


Equation 7 gives us a true expres¬ 
sion of A in terms of <t> and con¬ 
stants. Plotting A in relative units 
against (0=1) between zero and 
45 degrees for we obtain the 
curve shown in Fig. 6. This curve 
shows that within 90 degrees total 
phase shift the proportionality be¬ 
tween A and is fairly good. The 
distortion resulting from this much 
curvature is directly related to the 
area between the curve and the 
straight line as compared to the 
total area under the curve. This 
was roughly estimated at 9 percent 
which checks well with actual meas¬ 
urement. At the low-level point 
where phase modulation is accom¬ 
plished other sources of distortion 
are very low, less than one percent 
by measurement. 

It is interesting to note that if 
modulation makes A or of Fig. 5 
more than double, the phase change 
abruptly stops. An analysis was 
made on this same basis of the dis¬ 
tortion conditions for a total phase 
shift of 120 degrees and the distor¬ 
tion was estimated at about 43 per¬ 
cent which is of course, prohibitive 
for intelligibility using ordinary 
communication techniques. 


Cascade Phase-Shift Modulator 


Simple new modulator circuit for f-m transmitters is easy to adjust and maintain, requires 
only standard tubes, and has minimum inherent amplitude modulation. Adding phase 
shifts of six crystal frequency stages permits low order of frequency multiplication 


This paper will give a brief gen¬ 
eral review of phase shift modu¬ 
lators, showing the relationship be¬ 
tween phase and frequency modula¬ 
tion, then develop the theory of the 
new modulator and give perfor¬ 
mance data. 

When the phase of a carrier wave 
of constant frequency is advanced 
or retarded, the instantaneous fre¬ 
quency of the carrier also changes; 
the frequency deviation is propor¬ 
tional to the rate of change of 


By M. MARKS 

phase.* The operation of all phase 
modulators depends on this impor¬ 
tant relationship, which may be 
visualized by considering a sinu¬ 
soidal voltage of constant fre¬ 
quency. If the phase of this wave is 
advanced, say by 90 degrees, 
through insertion of a suitable 
phase shifting device, it can be seen 
that during the time taken for the 
phase to change to the new ad¬ 
vanced value, the wave actually has 
to move faster than it would have 


moved if no change had taken place. 
Therefore, while the phase is 
changing, the effect is the same as 
if the frequency were higher. In 
a like manner, delaying the phase 
results in a lower frequency while 
the change is taking place. As soon 
as the shift in phase is stopped, the 
wave continues on at the original 
frequency. 

From this, it follows that the 
more rapidly the phase is shifted, 
the greater will be the resulting 
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frequency deviation. Thus, if the 
phase of an r-f signal is shifted by 
plus and minus 90 degrees at a 
sinusoidal audio-frequency rate of 
100 cycles, the frequency would 
deviate (in accord with a cosine 
function) 157 cycles above and be¬ 
low the original frequency; if the 
audio frequency rate of phase shift 
is now increased tenfold to 1,000 
cycles, the frequency deviation will 
likewise be increased ten times to 
give 1,570 cycles deviation. The 
frequency deviation in cycles, 
therefore, can be seen to equal the 
product of the audio frequency 
(also in cycles) and the phase shift 
in degrees, divided by a constant 
(the number of degrees per ra¬ 
dian). 

Inasmuch as the frequency devi¬ 
ation must be held constant at 75,- 
000 cycles for 100-percent modu¬ 
lation, regardless of the modulating 
frequency, the number of degrees 
phase shift must be varied in¬ 
versely with the modulating audio 
frequency. This effect is readily 
accomplished by use of an inte¬ 
grating circuit (also known as an 
inverse frequency network), con¬ 
sisting of a series resistance and a 
shunt capacitance, usually placed 
between the source of modulating 
signal and the phase modulator. 
The higher modulation frequencies 


FIG. 1—^Block diagram of i-m traasmittar 
ualag eatcad* phaia ihilt modulafor 


FIG. 2—^Block dlogrom showing individuol 
■logos el eoseodo phoso shill medulolor. 
A maximum phoso shill pot slogo ol plus 
or minus 23.9 dogroos is roquirod lor o 
30*eyclo signal ol lull Iroguoney dovlolion 


are thus attenuated in precisely the 
desired manner for true frequency 
modulation. 

The phase shift obtainable with 
low distortion from conventional 
phase modulator circuits rarely ex¬ 
ceeds 25 degrees. The resulting 
frequency deviation for a 30-cycle 
modulating signal may be readily 
calculated to be equal to 18.1 cycles. 
Since this small deviation falls far 
short of the required 75,000 cycles, 
it becomes necessary to multiply 
the original frequency deviation by 
a factor M approximately equal to 
6,000 in order to attain the re¬ 
quired final frequency deviation. 
The well-known fact that multipli¬ 
cation of frequency produces a like 
multiplication of frequency devia¬ 
tion is used for this purpose to 
good advantage in practically all 
phase modulators. 

There is a good practical reason, 
however, for keeping M not much 
over 1,000. Assuming the lowest 
usable crystal frequency as 76 kc 
(5 times the highest audio fre¬ 
quency) and an operating fre¬ 
quency of 100 me, a factor M equal 
to 1,333 is obtained. To attain 
higher multiplication factors than 
this, it is necessary to resort to the 
use of heterodyne frequency con¬ 
verters. 

In general, frequency converters 


are undesirable because the spuri¬ 
ous beat frequencies present in 
their output circuits must be care¬ 
fully discriminated against by 
means of tuned circuits and ade¬ 
quate shielding. In addition, there 
is the possible production of addi¬ 
tional spurious beats caused by 
voltages from the low-frequency 
stages entering one or more of the 
broad pass bands of the stages fol¬ 
lowing the converter. Hence, if M 
can be reduced to approximately 
1,300 or less, the above difficulties 
will not materialize. 

Addition ol Phoso Shifts 

Large values of M are a direct 
consequence of the limited phase 
shift of which conventional modu¬ 
lators are capable. It is possible, 
however, to increase the useful 
phase shift of a modulator substan¬ 
tially by adding the individual 
phase shifts of two or more stages 
connected in cascade. The block 
diagram of Fig. 2 illustrates the 
manner of connecting the phase 
shift stages in cascade for the 
transfer of r-f energy, but in paral¬ 
lel as far as the a-f signal is con¬ 
cerned. The progressive increase 
of frequency deviation from stage 
to stage is also given for N, the 
number of cascaded stages, equal to 
6, and for a maximum phase shift 
per stage of 23.9 degrees (required 
for a 80-cycle a-f signal at full devi¬ 
ation). It should be noted that if 
only the first stage were used 
(N = 1), the conventional modu¬ 
lator would result for which M 
must be 6,000 (75,000 cycles/12.5 
cycles); if all six stages are used 
{N = 6), M is reduced to 1,000 
(75,000 cycl6s/76 cycles)—the lat¬ 
ter condition obviating the need for 
a frequency converter. 
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From the preceding discussion it 
follows that N may be considered 
as effective as M in producing the 
final frequency deviation. This re¬ 
lationship may be stated as follows: 
The frequency deviation at the op¬ 
erating frequency in cycles is equal 
to the product of the audio fre¬ 
quency in cycles, the phase shift 
per modulator stage in degrees, the 
factor Mt and the factor N, divided 
by the number of degrees per ra¬ 
dian (57.3). 

There is yet another advantage 
which comes from keeping M rela¬ 
tively low. When an unmodulated 
r-f signal is passed through a 
vacuum tube amplifier, it becomes 
modulated by the random noise 
voltages which are ever present; 
one portion produces amplitude 
modulation of the r-f signal and 
the other produces irregular fluctu¬ 
ations in its phase. 

The amplitude modulation is 
readily removed by the limiting ac¬ 
tion of subsequent multiplier 
stages, but the irregular fluctua¬ 
tions in the phase of the signal 
represent a noise modulation. The 
frequency deviation corresponding 
to these fluctuations increases for 
the higher audio frequencies be¬ 
cause there is no inverse frequency 
network to attenuate them. The 
magnitude of the resulting phase 
shift of the r-f wave due to the 
noise may be shown* to be approxi¬ 
mately equal to 57.8 times the value 



FIG. 4 (above)—Constant-Impedance net¬ 
work end corresponding vector diagram 


FIG. 3 (left)—^Bosic phase shift stage oper¬ 
ating at crystal frequency, and equivalent 
circuit 

of noise voltage divided by the sig¬ 
nal voltage. Hence, assuming a 
noise of 10 microvolts and a signal 
of 10 volts, the phase shift would be 
approximately 0.0000573 degrees. 

For N zz 1 and M = 6,000, ap¬ 
proximately 0.05 degree phase shift 
is required at 15,000 cycles to pro¬ 
duce 100 percent modulation. The 
ratio, then, of the phase shift for 
100 percent modulation to the noise 
phase shift, expressed in db, should 
give the f-m noise level at the out¬ 
put frequency. For the above case 
(M = 6,000) the noise level is 
58,8 db below 100 percent modula¬ 
tion. Performing the same calcu¬ 
lation for M = 1,000 and N = 1, 
the phase shift required is 0.8 de¬ 
gree, and the noise level for this 
source of noise becomes 74.4 db 
below 100 percent modulation. 

The foregoing calculations con¬ 
sidered the case of an unmodulated 
r-f signal for N = 1. The effect on 
the noise level of adding N modu¬ 
lator stages in cascade will now be 
taken up. As previously mentioned, 
the phase shift appearing at the 
modulator output terminals is equal 
to the sum of the phase shifts pro¬ 
duced in the individual stages. But 
the random nature of fluctuation 
noise produced in each modulator 
stage makes it necessary to take the 
rms sum of these voltages in order 
to And the resultant noise voltage 
at the modulator output terminals. 
Therefore, N modulator stages will 


add yJN times the noise of one stage. 
If four stages are cascaded, there 
will be a fourfold increase in phase 
shift, but only a twofold increase in 
the noise of the system. In actual 
practice, noise is also produced in 
other parts of the transmitter, so 
that the relative contribution of 
the modulator section to the total 
noise is even smaller. 

In order to minimize harmonic 
distortion under certain conditions 
of modulation, it is desirable to use 
a modulator circuit in which the 
percentage of amplitude modulation 
produced concurrently with phase 
modulation is very small. This dis¬ 
tortion becomes a maximum when 
the percentage of phase modula¬ 
tion is such as to produce only the 
first pair of sidebands.* The effect 
in this case consists of a change in 
the relative magnitudes of the side¬ 
band, and any subsequent limiting 
action which may remove the am¬ 
plitude variation will still be power¬ 
less to restore the relationship be¬ 
tween the carrier and sidebands 
necessary for low distortion. 
Therefore, a further requirement 
for the design of the modulator is 
that any amplitude modulation pro¬ 
duced along with the desired phase 
modulation be kept at a minimum. 

Theory of Coscodt fhote Shift 
Modelotor 

The basic phase shift stage in 
Fig. 3 consists of an amplifier tube 
T, and its plate load impedance, the 
two-terminal network Zi connected 
across terminals / and 2 .*^ serves 
both as an amplifier which isolates 
the cascaded phase shift stages 
from one another and as a source of 
constant current for Z,. 

From the equivalent circuit it 
follows that the phase of the output 
voltage must vary as the phase 
angle of Z^. This is so because the 
load impedance is much smaller 
than the plate resistance Rp and 
therefore can have practically no 
part in determining the plate cur¬ 
rent 2 ,.. Since the product of 
the plate current and the vector 
impedance, Z, Z6, is equal to the 
output voltage, any change in phase 
of this impedance must therefore 
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result in phase modulation of the 
output voltage. It also follows that 
any change in the magnitude of Z^ 
will result in amplitude modulation 
of the output voltage. 

The two-terminal network shown 
in Fig. 4 may be designed to main¬ 
tain a substantially constant im¬ 
pedance while phase modulation is 
taking place. The general expres¬ 
sion for the impedance of this net- 


work isT 



l/ l ~ 

1 '-ay 

(I) 

1 


where 

o * X c/ Xt 

(2) 


b Rtf Xc 


A study of Eq. 1 will show that 


when thb quantity (1/a)—1 is set 
equal to unity, the quantity under 
the radical sign will also be equal to 
unity and therefore \Z,\ will remain 
constant and equal to Xt. regardless 
of any variation of h. This condition 
occurs when a is set equal to 0.5. 
Substituting this solution in Eq. 2, 
it follows that |Z,| will be constant 
when 

Xl = 2Xc (4) 

This network is used as the plate 
load of a vacuum tube whose plate 
resistance is over 100 times greater 
than \Zx\, and since the parallel 
resistance of a coil with a Q of 
about 30 is also of the same high 
order of resistance, the effect 
of these two quantities on the mag¬ 
nitude of Zt may be neglected. 
These two quantities, however, do 
play a minor part in determining 
the phase angle of the network. 
Therefore, the phase characteristic 
of the network", calculated for a 
coil Q of 30, is shpwn in Fig. 5 for 
values of a eqOal to 0,4, 0.6 (the 
constant-impedance solution), and 
0 . 6 . 

A mental picture of the phase 
shift action to which the output 
voltage in this circuit is subjected 
may be obtained by considering the 
two extremes of resistance, bearing 
in mind that the inductive reac¬ 
tance is equal to twice the capaci¬ 
tive reactance (Eq. 4), For R% 
open, the current through termi¬ 


nals 1 and 2 of Fig. 4 must be in¬ 
ductive. Therefore, the output volt¬ 
age will lead the plate current by 
approximately 90 degrees. 

When Ri is short-circuited, the 
current taken by the capacitive 
branch will be twice as great as 
that taken by the inductive branch, 
thus making the net current into 
terminals 1 and 2 capacitive. The 
output voltage, therefore, will lag 
behind the plate current by ap¬ 
proximately 90 degrees for this 
other extreme. Intermediate values 
of Ri will cause the locus of the 
output voltage vector to follow the 
semicircle depicted in Fig. 4. 

The most important part of the 
basic shift stage is the device which 
converts the a-f modulating signal 
into a corresponding a-f variation 
of resistance. This device, which 
is known as the modulator or resis¬ 
tance tube, replaces R of Fig. 4 
in the practical circuit. To obtain 
low distortion, the characteristic of 
resistance versus control voltage of 
this device must be made to ap¬ 
proximate the curvature of the 
phase angle characteristic (Fig. 5). 
This requirement is important 
mainly for low-frequency signals in 
the band from 30 to 60 cycles, 
where a maximum phase shift of 
about plus and minus 26 degrees 
per stage is required for full fre¬ 
quency deviation. 


Conventional vacuum tube cir¬ 
cuits utilizing the dynamic plate 
resistance of a tube as a function 
of control grid voltage cannot be 
used because the adjustment of 
bias becomes too critical when the 
above requirement must be met. 
Therefore, the circuit shown in 
Fig. 6 was developed id do the job. 
With the r-f voltage assumed to be 
zero, the circuit behaves not unlike 
a cathode follower. The plate is 
bypassed to ground through C„ 
the a-f modulating signal e, is ap¬ 
plied between control grid and 
ground (across the shunt capaci¬ 
tance Cl of the inverse frequency 
network), and an output voltage 
(the gain is less than one) appears 
between cathode and ground. For 
this condition of operation the re¬ 
sistance looking into terminals 2 
and S may be given as’ 

« __L_^ 

1 + (® 

Hk Hp Rp 

where R^ is the resistance con¬ 
nected externally between cathode 
and ground, Rp is the effective plate 
resistance of the tube at its oper¬ 
ating point, and is the amplifica¬ 
tion factor of the tube at its oper¬ 
ating point. 

Now consider the circuit from 
the standpoint of the r-f voltage 
which is the voltage across the 
constant impedance Z^ in Fig. 8. 
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FIG. 6—Basic circuit of resistanco-tubo 
stogo 


Assuming the modulating signal 
e. in Fig. 6 equal to zero, the cir¬ 
cuit behaves like a grounded grid 
amplifier because Ci effectively puts 
the grid at ground potential for 
r-f. Thus, any r-f voltage between 
cathode and ground is also applied 
between control grid and cathode 
of r#. Under normal conditions of 
operation, the relatively high value 
of Rk never allows grid current to 
fiow during the positive portion of 
the r-f cycle. However, if the r-f 
grid-to-cathode voltage is high 


enough, tube Ta will be cut off dur¬ 
ing some part of the cycle, the point 
of cutoff being a definite function 
of the instantaneous grid-to-cath- 
ode and plate-to-cathode voltages. 

The modulating a-f signal e, thus 
determines the fraction of the r-f 
cycle during which the plate cur¬ 
rent flows through T*. In other 
words, during the time the modu¬ 
lating signal is positive, the angle 
of flow is increased, and during the 
balance of the modulating signal 
cycle, the reverse is true. 

During the part of the r-f cycle 
cycle over which is cut off, Rt is 
equal to Rk. For the remainder of 
the r-f cycle, R 2 must be equal to R 
as defined by Eq. 6. By proper 
choice of r-f voltage level and the 
value of Rk, the curvature of the 
resistance tube characteristic can 
be made to match the Curve in 
Fig. 5, so that no bias adjustment 
is necessary. 

In the final design of the modu¬ 
lator portion of an f-m transmitter 


using the cascade phase shift mod¬ 
ulator, six cascade stages are fol¬ 
lowed by several frequency multi¬ 
pliers with a factor M of 12, a? 
shown in Fig. 7. The final multi¬ 
plier provides an M equal to 81, so 
that the overall M is 972. A built-in 
tuning meter enables the operator 
to make adjustments without the aid 
of external measuring equipment. 

Assuming that the crystal oscil¬ 
lator stage is operating normally, 
the r-f voltage level at the grid of 
each cascade amplifier {T, through 
Tu) is adjusted to a predetermined 
setting on the tuning microam¬ 
meter. Although this meter reads 
the grid current, it acts as a peak'- 
reading vacuum-tube voltmeter. A 
variable capacitor in each ampli¬ 
fier grid circuit provides the means 
of adjustment by forming a simple 
voltage divider with the associated 
coupling capacitor. This r-f voltage 
level setting fulfills the require¬ 
ment for curve matching of the re¬ 
sistance tubes. 



FIQ. 7—Schmaotle diogrcni ol modulcrtor el l-m tremsmitter using the 


phots shift SMdukrtor 
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For the next step, the inductance 
Xl of the constant-impedance net¬ 
work in each amplifier must be ad¬ 
justed to conform with Eq. 4. 
Ordinarily this would present a 
difficult problem because the coil 
cannot be peaked to the crystal 
frequency—the actual resonant fre¬ 
quency being the crystal frequency 
divided by 1.414. However, this 
lilficulty may be overcome by tak¬ 
ing advantage of the theory which 
states that a minimum of ampli¬ 
tude modulation will be observed 
at the plate of each amplifier tube 
when the inductance of its constant 
impedance network is adjusted cor¬ 
rectly {Xl equal to 2Xc)- 

Accordingly, an a-f modulating 
signal is applied through the nor¬ 
mal a-f channel, of a level sufficient 
to bring about full frequency devi¬ 
ation and of a frequency low 
enough to produce a reasonably 
large phase shift in each modulator 
stage. Then use is made of a 
built-in amplitude modulation de¬ 
tector and amplifier (the double 
triode Ti,) which uses the micro¬ 
ammeter as a modulation indicator. 
Sample r-f voltages from each 
phase shift amplifier plate are 
piped over to this detector via the 
meter switch, and thus any plate 
may be selected at will. 

Starting with the first stage, 
each inductance in turn is adjusted 
for minimum meter deflection of 
the amplitude modulation indi¬ 
cator. Of course, if the coils are 
found to be so far out of adjust¬ 
ment as to materially alter the r-f 
voltage set up in the initial step, 
then both steps must be repeated. 
That is all there is to the adjust¬ 
ment of the modulator proper. 

TreasiNfter Allgsmesf 

The only other adjustments are 
those of the multiplier and ampli¬ 
fier coupling transformers. These 
transformers are designed so they 
will pass a band wide enough to ac¬ 
commodate twice the highest modu¬ 
lating frequency, but attenuate the 
undesired adjacent harmonics pro¬ 
duced in the preceding stages. 
These requirements usually lead to 



FIG. 8—Op^rottag choraetorislics of cas- 
cod* phos* shift modulator 


a slightly double-peaked selectivity 
curve corresponding to a coupling 
greater than critical. 

Misalignment of such transform¬ 
ers invariably causes asymmetrical 
selectivity curves, which usually in¬ 
crease the harmonic distortion and 
may even reduce the frequency 
deviation for the higher modulating 
frequencies. It is important, there¬ 
fore, that overcoupled transform¬ 
ers be properly aligned. 

The method of alignment of over¬ 
coupled transformers adopted for 
use in this transmitter is simple, 
requires no external equipment and 
gives the right answers in terms of 
performance. A pushbutton switch 
is provided on all overcoupled trans¬ 
formers. A damping resistance is 
permanently connected to the top 
of the secondary of each trans¬ 
former, and when the pushbutton 
switch is pressed, the free end of 
the damping resistance is grounded. 
This action has the effect of de¬ 
creasing the secondary impedance. 
Because the ground side of the re¬ 
sistance is switched, there is no 
appreciable change of circuit ca¬ 
pacitance due to the switching 
action. 

It is well known that a decrease 
of secondary impedance in an over¬ 
coupled transformer reduces the 
coupling. Thus, with proper choice 
of damping resistance, the coupling 
is reduced to a value below critical 


and the transformer may be easily 
and accurately tuned for maximum 
output at the center frequency pro¬ 
vided by the preceding stage. 

Upon releasing the pushbutton, 
the transformer again becomes 
overcoupled and gives the symmet¬ 
rical pass band required for high- 
quality performance. All band-pass 
transformers are aligned in this 
manner. Normal transmitter tun¬ 
ing technique is used for the 
higher-powered portions of the 
transmitter. It is possible to ad¬ 
just all tuning elements shown in 
Fig. 7 in less than ten minutes. 

A static characteristic curve giv¬ 
ing the total phase shift in degrees 
as a function of the grid bias ap¬ 
plied to the resistance tubes for 1, 
2, 8, 4, 5, and 6 cascade stages is 
shown in Fig. 8. The linearity of 
the curve for six stages is attested 
by harmonic distortion measure¬ 
ments, for 76-kc frequency devia¬ 
tion, of 1.25 percent for 30 cycles 
and less than 0.6 percent for 50 to 
15,000 cycles. Distortion for 
100-kc frequency deviation is less 
than 1 percent from 50 to 15,000 
cycles. The f-m noise has been 
measured at 72 db below a fre¬ 
quency deviation of 75 kc. 

The author wishes to express his 
appreciation for the perseverance 
and help given by W. £. Phillips 
and S. G. Jones, under whose direc¬ 
tion this modulator was developed, 
and to D. A. Skinrood, G. L. Dufield, 
L. Schultz, E. A. Andrade, and Y. 
K. Luk of the Broadcast Equip¬ 
ment Division of Raytheon Manu¬ 
facturing Co. 
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Serrasoid F-M Modulator 

Design data for an improved four-tube phase-shift type modulator that initiates 100- 
percent modulation with noise 80 db* down and 0.25 percent harmonic distortion in 
broadcast service. Low relative cost suggests potentially greater utilization of the edu¬ 
cational frequencies. Variations of the basic circuit open new fields of application 

By i. R. DAY 


T he development of a simple f-m 
modulator has been one phase 
of a broad program to enlarge the 
technical horizons of f-m broadcast¬ 
ing. In particular, it was aimed at 
providing one solution to the prob¬ 
lems of relay and chain broadcast¬ 
ing. Such service requires that the 
noise background and distortion be 
very low in the individual links so 
that the final signal may still meet 
the relatively high standards re¬ 
quired for any f-m broadcasting 
system. Such chain systems have 
been operated satisfactorily using 
available equipment, but it cannot 
be said that, in the more extensive 
chains, the limiting noise rests with 
the audio facilities at the origin. 
This latter condition has always 
been regarded as a minimum re¬ 
quirement of a really good f-m 
broadcast setup. 

Careful examination of the prob¬ 
lems in a reasonably extensive chain 
yields the conclusion that an 80 db 
ratio of 100-percent modulation to 
noise in the modulator would be 
satisfactory. In addition, a maxi¬ 
mum figure of 0.25-percent har¬ 
monic distortion for 100-percent 
modulation with single tones from 
50 to 15,000 cycles was set as a 
correlative objective. Since a prac¬ 
tical modulator involves accessory 
circuits such as an audio amplifier, 
which can be expected to make some 
definite though small contribution 
to the numbers above, the actual 
net requirements on the modulation 
process are somewhat more severe 
than the overall figures. It is evi¬ 
dent that such performance will 
also be of significant application in 
a single f-m broadcast setup, apart 
from the special question of relay¬ 
ing. 


Means of generating frequency- 
modulated currents fall into two 
general classes, the reactance-modu¬ 
lated type, and the phase-shift type. 
In the first, the frequency of an 
oscillator is caused to vary linearly 
with modulation through the agency 
of a reactance tube or its equivalent, 
which is an integral part of the 
frequency-determining circuit. Be¬ 
cause of the modulation and linear¬ 
ity requirement such an oscillator 
in general is not stable enough for 
broadcast service. Automatic fre¬ 
quency control is therefore em¬ 
ployed. In the phase-shift type of 
modulator the frequency of the car¬ 
rier oscillator is not varied, and 
therefore a stiff control such as a 
quartz crystal can be used to secure 
the desired stability, which then is 
completely independent of the modu¬ 
lation process. Modulation of the 
frequency in such a system is se¬ 
cured by varying the phase of the 
frequency-stabilized wave. The fre¬ 
quency will be deviated from its con¬ 
trolled value only during the time 
the phase is changing, and the de¬ 
viation, other things being equal, is 
proportional to the rate of change 
of phase. 

The Serrasoid is the latter type. 
Although it is capable of broader 
application, the numbers involved 
for the f-m broadcast case provide 
the clearest illustrative material. As 
noted above, frequency deviation is 
proportional to rate of change of 
phase. For sinusoidal modulation 
this is simply expressed by saying 
that the peak frequency deviation 
is equal to the product of the peak 
phase shift and the modulating fre¬ 
quency. The new circuit is conserv¬ 
atively capable of a peak phase shift 
of d:lS0 degrees, but ±90 degrees 


or radians is used as the basis 
for lOO-percent modulation at 50 
cycles. For li radians and 50 cycles 
the peak deviation therefore will be 
±75 cycles. Since 100-percent modu¬ 
lation in f-m broadcasting is a de¬ 
viation of ±75,000 cycles, a fre¬ 
quency multiplication of 1,000 is 
indicated. Actually, 972 is used 
since it can be factored into a con¬ 
venient assortment of doublers and 
triplers. In all that follows we shall 
discuss a modulator for a frequency 
of 97.2 megacycles which starts at 
a base frequency of 100 kilocycles. 

Figure 1 is a schematic diagram 
of the essential parts of a complete 
broadcast Serrasoid. Audio ampli¬ 
fiers and frequency multipliers have 
been omitted since they are con¬ 
ventional and employ small stand¬ 
ard type tubes. Tube Vj is a pentode 
oscillator controlled by quartz crys¬ 
tal y. The crystal operates very 
close to its series resonant fre¬ 
quency. The net reactance of the 
crystal arm may be conveniently 
varied by a series capacitor for fine 
frequency adjustment of about 
±0.005 percent. This crystal is oven 
controlled in the broadcast case to a 
net stability of ±0.0002 percent, 
which is also the stability of the 
final carrier frequency. The oper¬ 
ation of the oscillator is such that 
plate current is drawn only during 
a small part of the cycle. Negative 
going pulses shown in Fig. 2A are 
generated at the plate of F,. These 
pulses are differentiated by Ca, J?«, 
and grid-cathode conductance of 
Vu to yield still shorter pulses sev¬ 
eral times the cutoff voltage of Vu> 
The corresponding short positive 
pulses at the plate of this latter 
tube are bottom clipped (to clean 
the base line) by cathode follower 
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FIG. 1—Th* modulator propor ihowing tho cirital oicillator, elippor* sawtooth gonorator oad bootstrap cathodo lollowsr. and l^m 
pulss output tubos. Tho Iroquoncy muldpllor stagos that follow aro conyontional 


Fu. Resistor Ri is selected so that 
this tube is biased beyond cutoff 
between pulses by the automatic 
grid bias of C 4 and The pulses 
at the cathode of Vn appear as 
shown in Fig. 2B. The two halves 
of Vt perform the functions of a 
single pentode that might have been 
used in the same place, with the ad¬ 
ditional advantage that the final 
waveform is developed in a lower 
impedance than is practicable with 
a pentode. 

Linear Sowreofk Wave 

According to the numbers of the 
illustrative case these pulses recur 
at a rate of 100 kilocycles, that is, 
corresponding points or events on 
consecutive pulses are 10 microsec¬ 
onds apart. Tube Vu. constitutes a 
nonoscillatory sawtooth generator 
timed by the pulses from F,*. The 
slowly increasing portion of the 
sawtooth has a slope corresponding 
to the charging^of C, through to 
the relatively steady voltage at the 
junction of and Rio. This period 
coincides with the time between 
pulses at the grid of cutoff bias 
having been developed on C, by 
previous pulses. The quickly de¬ 
creasing portion of the sawtooth 
occurs at the time of positive pulses 
on VtAf when C? is discharged nearly 
to cathode potential by the plate- 
cathode conductance. In round num¬ 


bers the discharge point is about 5 
volts from cathode or ground po¬ 
tential and Rm and C-, are adjusted 
to give a rising rate of about 4 volts 
per microsecond to the increasing 
portion of the wave. As will be 
shown the whole linearity of the 
modulation process depends on the 
straightness of this sawtooth wave. 
In its simple form, it would have 
too much exponential curvature to 
be useful. This condition is cor¬ 
rected by the bootstrap connection 
comprising the cathode follower 
VnB, Rit, and if*. The normally 
constant voltage at the positive end 
of Rio has superimposed upon it the 
rising voltage on Cy so that the drop 
on Rio and hence the charging cur¬ 
rent is maintained practically con¬ 
stant. Resistor R., as in other boot¬ 
strap applications could be a diode 
with its anode at plate supply po¬ 
tential, but for the voltage magni¬ 
tudes involved here the resistor is 
more than adequate. The d-c volt¬ 
age at the juncticm of Rt and Rw is 
about +190 volts for a B+ value of 
250 volts. 

Pultet or# Fftgvancy-Modulafad 

The sawtooth wave thus devel¬ 
oped is directly coupled to the grid 
of V^A. This tube is cathode biased 
by its plate current so that conduc¬ 
tion begins when the sawtooth is 
about half way up; the passage 


from the beginning of plate current 
flow to grid current consuming 
about 0.25 microsecond. Because 
Cg is large and holds the bias con¬ 
stant during the sawtooth period, 
grid current stops the charging of 
Ct, and the latter half of the saw¬ 
tooth rise is clipped. The resulting 
waveform is shown in Fig. 2C the 
dashed line indicating the wave¬ 
form without the direct coupling to 
the grid of V^. Thus, the plate cur¬ 
rent of Vu flows only during the 
latter half of the sawtooth wave. If 
the bias for Vu is varied, the lead¬ 
ing edge of this current pulse will 
vary in time or phase, an advance 
resulting from a lowering of the 
bias and a retardation from an in¬ 
crease. It is in this way that phase 
modulation in the unit is accom¬ 
plished. 

Audio or program is applied at 
the indicated terminals. Values of 
Ru and Ct are so proportioned that 
for constant audio input amplitude 
versus frequency, the resulting am¬ 
plitude at Cl is inversely propor¬ 
tional to audio frequency over the 
range upward from 50 cycles. This 
circuit is included so that the peak 
phase shift shall be inversely pro¬ 
portional to modulating frequency 
and the resulting frequency re¬ 
sponse of the frequency modulation 
shall be flat. The function and the 
network are the familiar corrector 
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present in all phase-shift type fre¬ 
quency modulators. In order that at 
50 cycles the phase of the pulse 
edge be shifted ±li radians, ap¬ 
proximately 50 volts rms is required 
at the input to the corrector. In the 
complete modulator a two-stage am¬ 
plifier provides the gain to raise the 
standard input of dblO dbm to this 
level. Since feedback is used in this 
audio amplifier to provide linearity, 
the effective modulation sensitivity 
is also stabilized to a marked degree. 
This sensitivity depends only on the 
audio gain and the stability of Rw 
and Ct, and ordinarily is stable to 
within 1 percent for the standard 
ranges of temperature, line voltage, 
and tube changes. 

Figure 2D illustrates the wave¬ 
form at the plate of Vu, the dashed 
lines showing the extreme positions 
of the leading or negative going 
edge during 100-percent modulation 
at 50 cycles. For 100-percent modu¬ 
lation at 100 cycles the excursion is 
one half that shown, and so on. This 
wave is differentiated by Cio, jRw, 
and the grid cathode conductance of 
V^B so that the latter is cut off for 
a short time each cycle beginning at 
the leading edge. The resulting 
positive-going pulses at the plate 
of ViB are shown in Fig. 2E. These 
pulses are frequency modulated ap¬ 
proximately :t:75 cycles at 100-per¬ 
cent modulation. They are applied 
to the grid of the first of a string 
of frequency multipliers. The plate 
loads of this and subsequent mul¬ 
tipliers are resonant at the various 
harmonics, and therefore, involve 
only sinusoidal c-w currents. In the 
broadcast version these multiplica¬ 
tions are 8, 8, 8, 8, 2, 8, and 2, for a 
total of 972 times, yielding a carrier 
frequency in this illustration of 97.2 
megacycles with a deviation of 
=t75 kilocycles at 100-percent modu¬ 
lation. 

Ciffciiit Detigii Paefort 

Before proceeding to a discussion 
of distortion and noise in a system 
of this sort several salient features 
may be pointed out. First, in com¬ 
mon with all phase-shift modula¬ 
tors, there is no interaction what¬ 
ever between the functions of 


modulation and carrier-frequency 
control, and the final stability is 
exactly that of well engineered crys¬ 
tal control. Exclusive of the fre¬ 
quency control the modulation proc¬ 
ess is accomplished in three stand¬ 
ard receiving type tubes operating 
under cutoff to saturation or cath¬ 
ode follower conditions. As a re¬ 
sult the process is remarkably inde¬ 
pendent of tube changes or aging. 
There are no resonant circuits and 
no reactances. Largely to eliminate 
the commercial tolerances of re¬ 
sistors and capacitors, Cs, C,, Cto, 
and Rh are factory adjusted, and 
thereafter no adjustments even of a 
maintenance nature are necessary, 
except after outright component 
failure. Tubes Vt through 7* drain 
about 20 milliamperes at 250 volts. 

Pottible Voriofient 

An interesting aspect of the de¬ 
velopment of this modulator lies in 
its apparent simplicity. Until cer¬ 
tain special factors were fully ap¬ 
preciated performance was indiffer¬ 
ent and the simultaneous attain¬ 
ment of low distortion and low noise 
hardly seemed practical without 
considerable elaboration. A good 
many detailed variations from the 
sample circuit shown are operative, 
and some yield high performance. 
But without the observance of 
certain principles, design can be 
surprisingly difficult. The impor¬ 
tant rules affecting linearity and 
noise are enumerated below. 

Having selected the sawtooth 
waveform as the basic timing or 
phase-shifting mechanism, it devel¬ 
oped that linearity could not be 
preserved if it was amplified or 
caused to appear as a current varia¬ 
tion in a plate-loaded tube, no mat¬ 
ter how attractive such a step may 
have appeared at first. Other means 
of straightening the sawtooth be¬ 
side the bootstrap arrangement 
shown are entirely practical pro¬ 
vided the sawtooth waveshape as 
such is not amplified. In particular, 
in the modulation process the tube 
performing the timing, Vu, cannot 
carry currents of sawtooth shape 
and still preserve linearity in the 
timing process. It was found also 



that the amplitude of the current 
pulses in should be constant dur¬ 
ing the modulation cycle. To insure 
this condition the plate supply volt¬ 
age is maintained constant by C*. 
The supply voltage is low, about 80 
volts, giving a small cutoff voltage. 

Noise arises in such a system in 
the form of random variations in 
the time of occurrence of corre¬ 
sponding events in consecutive 
cycles. Such timing variations or¬ 
dinarily are the result of super¬ 
position of noise voltages on the 
desired wave-form. The noise vol¬ 
tages originate either in tube cur¬ 
rent variations or as Johnson noise 
in resistors. The effects of both 
kinds of noise are reduced by in¬ 
creasing the time rate of change of 
voltage in the sides of the pulses. 
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and by maintaining low cir¬ 
cuit impedances at certain points. 
For instance, impedances controlled 
by Es, Bj, and Bio are in a position 
to contribute to the residual modu¬ 
lator noise unless maintained below 
values appropriate to the pulse am¬ 
plitudes appearing across them. 
This is another way of saying that 
the circuit bandwidth should be as 
great as possible so that the pulse 
rise-time is short. Noise originating 
from uniformly distributed random 
voltage variations causes frequency 
modulation noise with a triangular 
distribution spectrum, extending 
linearly up from zero at zero modu> 
lating frequency. For the band up 
to 15,000 cycles the integrated noise 
power from a given resistance is 
approximately 44 db greater than 
would be the case for a Oat noise 
spectrum. The 75 microsecond de¬ 
emphasis in the f-m receiver re¬ 
duces this effect by 13 db. The re¬ 
duction factor is different if the 
original noise is other than triangu¬ 
lar. For instance, Johnson noise in 
Bto is modified in its spectrum by 
Cr before it can phase modulate 
pulses determined by the sawtooth. 
It is a straightforward matter to 
show by calculation that if the lin¬ 
earity were secured without the 
bootstrap or its low-voltage equiva¬ 
lent, that is, by making the supply 
voltage very high, the noise gen¬ 
erated by the necessary large re¬ 
sistor would be excessive by a con¬ 
siderable factor. Thus it comes 
about that the bootstrap or its low 
voltage equivalent is uniquely es¬ 
sential to securing simultaneously 
low noise and low distortion. By 
similar reasoning it can be shown 
that the lowest noise is obtained 
when the corrector capacitor C*, is 
directly at the jnodulator cathode. 
If the corrector were to be located 
at a lower level in the audio section, 
tube and Johnson noise originating 
after it would have a 31 db handi¬ 
cap and with practical tubes and cir¬ 
cuit constants, this effect would be 
insurmountable. The possibility of 
noise phase modulation in the first 
tube after V, is minimized by mak¬ 
ing this a frequency multiplier so 


that the noise deviations are mul¬ 
tiplied by a smaller factor than 
those originating in F* and earlier. 


Parformonce 


The general performance of the 
Serrasoid system in the particular 
case shown, and following the de¬ 
sign rules noted can be summarized 
as follows. The linearity of the 
phase-shift process is readily made 
to be equivalent to less than 0.1-per¬ 
cent f-m distortion for peak phase 
shifts of :±:135 degrees. It should 
be noted that nonlinearity in the 
phase-shift process results in f-m 
distortion proportional to the order 
of the harmonic generated. Thus 
1 percent third harmonic expressed 
as distortion of the phase shift is 
equivalent to 3-percent distortion 
measured as frequency modulation. 
In the commercial f-m broadcast 
modulator the distortion is largely 
controlled by the included audio 
amplifier, and the overall figure is 
held to less than 0.25 percent for 
100-percent modulation at 50 cycles. 
At high frequencies where the peak 
phase shift is less the distortion 
falls until it is entirely accounted 
for in the audio circuits. At the 
upper end of the audio spectrum, 
distortion owing to tuned circuits 
in the frequency multipliers rises 
slightly, but by reasonable design is 
held below 0.25 percent, measured 
without de-emphasis. It is much 
easier to contrive that the distor¬ 
tion be this low than it is accurately 
to measure it once secured! 

The f-m noise originating in the 
modulator and in the band from 
50 to 15,000 cycles, measyred with 
75-microsecond de-emphasis is 
somewhat better than 80 db below 
100-percent modulation. This noise 
is made up of approximately equal 
contributions from the crystal oscil¬ 
lator plate circuit and the plate cir¬ 
cuit of F44. It can be reduced still 
farther by designing for greater 
pulse bandwidth and higher tube 
currents, and by the special artifices 
described below. Microphonism is 
no practical problem at all with non- 


selected ordinary tubes. Because of 
the simplicity of the circuits in¬ 
volved shielding and isolation by 
ordinary means serves to suppress 
the noise effects of r-f feedback 
from high-level sections of the 
transmitter. 

Increosing Phott Shift 

There are two ways by which the 
total phase shift can be increased 
over the practical maximum of 
±:150 degrees. One of these is by 
cascading, or iterated modulation. 
The pulses at the plate of V** are 
similar in form and amplitude to 
those at the plate of If, instead 
of coupling here to the grid of a 
multiplier, these pulses are fed to 
a duplicate of the circuit extending 
from VuB to F4, inclusive, another 
complete modulation process will 
have been encompassed. One stage 
of such cascading doubles the peak 
phase shift with the same per¬ 
centage of f-m distortion and yet 
raises the f-m noise by less than 8 
db. Thus the effective signal to 
noise ratio is improved by at least 
3 db. The price paid for this itera¬ 
tion is two and a half additional 
tubes and a doubling of the audio 
power required to modulate. The 
process can be extended beyond two 
modulations. The other method in¬ 
volves generating two or more inter¬ 
laced sawtooths at submultiples of 
the crystal frequency by means of a 
step-counter frequency divider; sep¬ 
arately modulating pulses from 
each of the proportionately longer 
submultiple sawtooths; and re¬ 
combining the sets of modulated 
pulses. The submultiple frequency, 
of course, must be more than twice 
as high as the highest modulating 
frequency involved. 

In general, by the use of cascad¬ 
ing and interlacing, as noted, by the 
use of a modification of the scheme 
employed in the Armstrong dual 
channel phase shift modulator, and 
by several other arrangements too 
detailed to describe here, the appli¬ 
cation of this system can be ex¬ 
tended to cover a very wide field. 
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F-M Service Areas 


Chart shows approximate distance to 1-mv/m and 
50-^v/m contours for effective radiated powers between 
1 and 1,000 kw and transmitting antenna heights from 
100 to 3,500 feet above average terrain 

BY JOHN H. BATTISON 



T he accompanyin^f chart, 
based on FCC data, provides 
a quick means of determininj? 
the approximate service areas of 
a transmitter operating on any 
channel between 88 and 108 me. 
Distance to the 1 mv-per-meter 
contour (solid lines) is shown by 
the upper scale and distance to 
the 50 microvolt-per-meter con¬ 
tour (dashed lines) by the lower 
scale, for various effective radi¬ 
ated powers and transmitting an¬ 
tenna heights. Receiving an¬ 
tenna height is assumed to be 30 
feet above average terrain. 

Using fhe Chart 

To determine the distance to 
the 1 millivolt-per-meter contour 
with a transmitting antenna 
height of 2,000 feet and 20-kw of 
effective radiated power, enter 
the chart at the left and, at the 
point where the 20-kw horizontal 
line intersects the solid diagonal 
line labelled 2,000', read on up¬ 
per scale 57 miles. To determine 
distance to 50 microvolt-per- 
meter contour follow the same 
procedure but use the dashed 
diagonal line labelled 2,000^ and 
read the lower scale. 

If coverage is desired at a 
given distance, with a known 
transmitting antenna height, the 
effective radiated power required 
may be read to the left of the 
point of intersection of appro¬ 
priate distance and height lines. 
Similarly, should it be necessary 
to determine the transmitting 
antenna height required to pro¬ 
vide a certain contour with a 
given power the chart may be 
entered from the left and the 
bottom, and the height read 
from the appropriate solid or 
dashed line. 



790 


aeCTRONICS manual for radio engineers 


Overmodulation Without Sideband Splatter 

By adding this balanced-modulation circuit to an a-m phone transmitter, modulation in 
excess of 100 percent can be produced without causing adjacent-channel interference. 
The technique permits communication modulators to operate at high average level 

By OSWALD Q. VILLARD, JR. 



FIG. 1 —Vwclor diogromii lor (A) lOO-porcent ompUtudo modulation with corrior and 
(B) lOO'Poreont modulation with fully supprossod corrior show thot tho rooultont 
signal in tho lattor caso rovorsos phoso as a consoquonco of tho modulotlon 


I N OPERATING an amplitude-modu- 
lated radiotelephone transmitter 
in communications or broadcast 
service it is always desirable to 
keep the average percentage of 
modulation as high as possible in 
order to increase the energy in the 
intelligence-bearing sidebands. In 
this way a louder-sounding and 
hence more reliable signal is de¬ 
livered to the receiver. However, 
the average percentage of modula¬ 
tion may only be increased until 
overmodulation begins to occur on 
the program peaks, for the wave¬ 
form distortion oaused by over¬ 
modulation clipping is rich in 
harmonics, and the corresponding 
sidebands spilling over into adja¬ 
cent channels may interfere with 
adjacent-channel services. Yet in 
the case of speech, when the gain 
is adjusted to prevent overmodula¬ 
tion on peaks, it is found that the 
average percentage of modulation 
is distressingly low. 


The circuit described in this 
article offers a simple means of 
increasing the average percentage 
of modulation of amplitude-modu¬ 
lated phone transmitters above 100 
percent without causing adjacent- 
channel interference due to side¬ 
band splatter. Accompanying this 
increase in modulation percentage 
is a certain amount of distortion 
which will be noticed in receivers 
tuned to such a signal. However, 
it is unlikely that this distortion, 
occurring as it does only on peaks, 
will degrade speech intelligibility 
appreciably unless the percentage 
of modulation exceeds 100 by a very 
large amount. 

The circuit can be readily in¬ 
corporated in existing plate-modu¬ 
lated phone transmitters, both 
single-ended and push-pull, having 
more audio power available than 
that required for 100-percent 
modulation. Installation of the cir¬ 
cuit requires relatively few compo¬ 


nents. For radiophone service 
where intelligibility rather than 
fidelity is important, the system 
makes possible a saving in total 
primary power consumption and in 
class-C amplifier tube capacity for 
a given sideband power output. 
This advantage is obtained even 
though the bandwidth required for 
transmission is maintained at the 
absolute minimum. 

Pack Limiting ond Voinmn Compmsiion 

Various ways of increasing the 
average percentage of modulation 
have been suggested. One method 
is to alter the dynamic range of 
the original program material in 
such a way that the weak passages 
are made louder and the loud pas¬ 
sages made weaker; known as 
volume compression. Another 
method is to introduce peak limit¬ 
ing devices which limit the maxi¬ 
mum possible excursion of the 
audio signal fed to the transmitter. 
The two systems will increase both 
the average percentage of modula¬ 
tion and the intelligibility of a 
signal, at the expense of a certain 
amount of naturalness which is lost 
when excessive compression of the 
dynamic range or distortion due to 
clipping occurs. 

In the case of the peak chopper, 
there is the disadvantage that the 
clipped waveform, if allowed to 
modulate the transmitter directly, 
contains harmonics capable of caus¬ 
ing just about as much adjacent- 
channel interference as if the 
clipping had been caused by over¬ 
modulation itself. If these har¬ 
monics are removed by a low-pass 
filter, the waveform is no longer 
clipped at a fixed level, and over¬ 
modulation is no longer preyeatedL 
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FIQ. 2—(A) Addittoni to conTontlonol cloM-C modulated ampIUler to produce phaie reTerial oi the corrler on oTermodulatlon peaks are 
•hown by dotted line. (B) To bring the two circuits into balance. Tarloble resistors are odded. Adlust either Hi or Ha. or Ha or H«. one 
or the other pair but not both, until equal r-i outputs at a given plate voltage are obtained. Adjust Ha. reversing polarity of tube 3 
il necessary, until tubes 1 and 2 present the some lood impedance to the modulator 


Where splatter and adjacent-chan¬ 
nel interference must be avoided, 
it is clear that peak chopping is 
not particularly practical. 

If proper care is taken in their 
design, peak-actuated volume com¬ 
pressors can be made to prevent 
momentary overmodulation on 
peaks, without perceptibly increas¬ 
ing the bandwidth of the audio 
signal as a result of the distortion 
which occurs during the transient 
changes in gain. The only limit to 
the advantagep to be derived from 
their use as a means for increasing 
the average percentage of modula¬ 
tion is the loss in naturalness— 
and eventually intelligibility— 
which results when weak sounds 
are amplified much more than loud 
sounds (unless, of course, a pro¬ 
portionate volume expansion is 
introduced at the receiver, but such 
systems of communications where 
volume expansion at the receiver is 
possible will not be considered in 
this article). 

Another method of increasing 
the average percentage of modula¬ 
tion of an amplitude-modulated 
radiophone transmitter, which in 
effect allows the percentage of 
modulation to exceed 100 without 
causing any adjacent-channel splat¬ 


ter whatsoever, is to increase the 
power in the sidebands beyond the 
level produced by 100-percent mod¬ 
ulation. It will be seen that this 
method, used in conjunction with 
volume compression, makes possible 
a still further increase in intelligi¬ 
bility over that obtainable by 
means of volume compression alone. 

Briefly, the proposed system 
allows the ratio of sideband to 
carrier power to exceed one-half 
(the condition corresponding to 
100-percent modulation) without 
permitting any distortion of the 
sidebands to occur. This condition 
of operation might be called 
**doubie sideband reduced carrier,’ 
which would be analogous to the 
’'single sideband reduced carrier” 
systems now in widespread com¬ 
mercial use. 

Figure lA shows the familiar 
vector diagram of an amplitude- 
modulated wave, 100-percent modu¬ 
lated. Figure IB shows the same 
wave with the carrier removed but 
with the sidebands unchanged. It 
is possible to remove the carrier 
without altering the sidebands in 
any way; then, because the side¬ 
bands have suffered no distortion, 
there can be no splatter. Figure 
IB could, for example, represent 


the double sideband output of a 
balanced modulator in which the 
carrier had been suppressed. 

It is important to note that the 
resultant of a pair of a-m sidebands 
taken by themselves is a wave of 
the same frequency as the carrier, 
but changing in amplitude and also 
in phase, as shown in Fig. IB. 
During the positive half of the 
audio-frequency modulating cycle, 
the resultant varies from zero to 
a maximum and back again; dur¬ 
ing the negative half cycle, the 
resultant follows a similar change 
in amplitude but with the phase of 
the carrier voltage reversed. This 
change in phase may be considered 
to be part of the normal a-m modu¬ 
lating action. When the resultant 
of the two sidebands is in phase 
with the carrier, we have phase 
addition and upward modulation; 
when the resultant is 180 degrees 
out of phase, we have phase can¬ 
cellation and downward modulation. 

Modalotor CircMlt 

If we cause the amplitude and 
phase of a radio-frequency wave of 
the carrier frequency to vary in 
the same manner as the resultant of 
the two sidebands discussed in the 
preceding paragraph, we will have 
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a means for producing a double¬ 
sideband carrierless signal. In 
practice this can be done in the 
following way. Two class-C ampli¬ 
fiers are fed from the same modu¬ 
lator in such a way that one 
produces output during positive 
half cycles of the modulating 
voltage, while the other produces 
output during negative half cycles. 
If one class-C amplifier is excited 
by a radio-frequency voltage 180 
degrees out of phase with the exci¬ 
tation fed to the other, and both 
amplifiers work into a common out¬ 
put, we have the required condition 
of operation. The basic circuit is 
shown in Fig. 2 A. 

The portion of the circuit drawn 
in with a solid line is simply 
a conventional grid-neutralized 
single-ended class-C amplifier 
stage. The portion drawn with a 
dotted line represents the addi¬ 
tional equipment needed to convert 
this stage into a double-sideband 
generator. For the moment, we 
will assume that the B-supply is 
shorted. It will be seen that tube 
1 will produce r-f output during the 
positive half cycles of modulation, 
while tube 2 will produce r-f output 
of the opposite phase during the 
negative half cycles. If the output 
of the two tubes is properly bal¬ 
anced we will have the desired 
double-sideband output. 

It will be noted that this circuit 
is nothing more than a species of 
balanced modulator. If the modu¬ 
lation transformer had been 
provided with a center-tapped 
secondary, and if the center-tap of 
this winding had been bypassed to 
ground and the ends connected 
through shunt-feed r-f chokes to 
the plates of the class-C amplifier 
stages, the circuit would have been 
recognized at once as one of the 
standard variations of a balanced 
modulator. The only real difference 
between the two cases lies in the 
method of connecting the supply 
voltages to the two class-C am]^« 
fier stages. 

We are accustomed to think of 
balanced modulators as consisting 
of identical tubes or rectifying ele¬ 
ments, which is, of course, the nor¬ 
mal arrangement when double¬ 


sideband carrierless output is de¬ 
sired. But there is no reason why 
the carrier must be completely 
suppressed; it can, in fact, be 
present in any desired amount 
without disturbing or distorting 
the sidebands in any way. In order 
to make our balanced modulator 
produce double-sideband reduced- 
carrier signals, it is only necessary 
to insert d-c in the desired amount 
by means of the B-supply. In fact, 
for a given modulator a-c voltage 
output, which fixes the amplitude of 
the sidebands, we can make the 
ratio of si deban d-to-carrier voltage 
(and also the percentage modula¬ 
tion) in the final r-f wave anything 
we would like—^from something 
much less than one up to infinity— 
by simply adjusting the amount of 
injected d-c and thus setting the 
amplitude of the carrier. 

Need for Roloiieing tho Medoloter 

Of course, when a carrier is 
added to the sidebands in this way, 
the tube supplying the carrier will 
handle more power than its mate, 
which is called upon only to supply 
sideband energy. In the application 
of the circuit of Fig. 2 A to over¬ 
modulation splatter suppression, 
tube 2 will not, in general, be iden¬ 
tical to tube 1, and consequently 
it is of interest to consider how a 
modulator consisting of two dis¬ 
similar tubes can be brought into 
balance. The circuit of Fig. 2 A 
lends itself nicely to a consideration 
of balanced modulator operation in 


terms of familiar class-G amplifier 
concepts. 

The curve of r-f output voltage 
versus plate voltage for a class-G 
amplifier stage is very nearly a 
straight line beginning at the ori¬ 
gin and possessing a slope slightly 
less than unity. This characteristic 
comes about because the peak r-f 
voltage across the tank circuit of 
an adequately excited class-G 
amplifier is always very nearly 
equal to the plate supply voltage. 
The difference between these two 
voltages is, of course, the voltage 
required to draw the pulse of plate 
current through the tube. The 
magnitude of this voltage differ¬ 
ence, assuming constant plate load 
impedance, is controlled to a first 
approximation by two factors—the 
angle of plate current flow and the 
amplitude of the grid driving 
voltage. Increasing either, within 
limits, will tend to increase the 
amplitude of the fundamental-fre¬ 
quency component of the plate cur¬ 
rent pulse, and thus increase the 
voltage drop at fundamental fre¬ 
quency across the tuned plate tank 
circuit. 

The amount by which the slope 
of the r-f output voltage versus 
plate voltage curve is less than 
unity is roughly proportional to the 
magnitude of the instantaneous 
plate voltage required to draw the 
plate current pulse, and this magni¬ 
tude is dependent on the angle of 
plate current flow and the ampli¬ 
tude of the grid driving voltage. 
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Consequently, if we have two class- 
C amplifiers whose r-f output ver¬ 
sus plate voltage curves we wish to 
match, or stating it another way, 
whose slopes we wish to make 
equal, to a first approximation it is 
only necessary to vary the grid 
bias or the driving voltage of one 
amplifier until its performance 
matches the other. This equality is 
the condition we wish to achieve in 
the balanced modulator of Fig. 2A. 
Modulating voltages of from zero 
to maximum positive should pro¬ 
duce r-f outputs of exactly the 
same magnitude from one amplifier 
tube as modulating voltages from 
zero to maximum negative produce 
from the other. 

Another, somewhat more waste¬ 
ful way of accomplishing the same 
result would be to add resistance 
in series with the supply voltage 
lead of whichever class-C tube is 
found by experiment to have the 
r-f output versus plate voltage 
curve of greater slope. 

However, matching the slopes of 
the output curves does not guaran¬ 
tee that the two class-C amplifier 
tubes will then each present exactly 
the same load impedance to the 
modulator. It is entirely possible 
that the two tubes may produce 
equal r-f outputs at the same mag¬ 
nitude of d-c plate voltage, but at 
the same time draw differing d-c 
plate currents. The modulator will 
then be working into one value of 
load impedance during positive half 
cycles, and another during negative 
half cycles. Unless the effective 
output impedance of the modulator 
has been reduced by some means 
(such as negative feedback) to a 
very low value, positive and nega¬ 
tive half-cycles of output voltage 
will have differing amplitudes and 
distortion will result. 

Method of Produclag loloneo 

A difference in load resistances 
can easily be eliminated by measur¬ 
ing the d-c voltage-current ratios 
of the two class-C tubes at a given 
plate voltage, and then in effect 
connecting a resistance in shunt 
with the plate supply leads of that 
tube having the higher ratio. The 
added resistance should be of a 



FIG. 4 —Average power input to euppreesor 
tube ii ihown as o function of degrees of 
sinewave modulation 


value such that the parallel combi¬ 
nation of this resistance and its 
associated class-C amplifier pre¬ 
sents the same load resistance to 
the modulator as the other class-C 
tube considered alone. 

In the case of the double side¬ 
band generator circuit that we have 
been discussing, both tubes are 
effectively connected across the 
output of the modulator at all 
times; consequently the equalizing 
resistance must be connected to the 
circuit through a diode in such a 
way that this resistance is effec¬ 
tively present in the circuit only 
during positive or negative half 
cycles of modulation, as the situa¬ 
tion may require. 

Figure 2B is similar to Fig. 2A 
but with various balancing controls 
included. Resistors R, and R, are, 
of course, the grid leak resistors 
normally present in the circuit. 
(Use of grid leak bias is desirable 
from the standpoint of improving 
the linearity of the modulation 
characteristic.) Resistors and 
J?4 represent two alternative points 
of connection of amplitude balance 
controls. Resistor Re illustrates a 
way of connecting the load imped¬ 
ance balancing resistor. It should 
be emphasized that both R, and 
will not be needed. Only one re¬ 
sistor will be required, once the 
proper point of connection has been 
determined. 

So far nothing has been said 
about the effect of the double side¬ 
band generator tube on the neu¬ 
tralization of the original class-C 
amplifier. Inspection of Fig. 2A 
will show that if tube 2 has the 
same grid-plate capacitance as 


tube 1, the tubes will neutralize 
each other and no neutralizing ca¬ 
pacitor such as the one shown will 
be needed. If the effective grid- 
plate capacitances are not exactly 
equal, as will almost invariably be 
the case when stray circuit capaci¬ 
tances are taken into account, a 
neutralizing capacitor may have to 
be connected between the plate 
leads, which are in parallel for r-f, 
and the grid of one tube or the 
other in order to make the neutral¬ 
ization perfect. 

The circuit of Fig. 2A is correct 
when the effective grid-plate ca¬ 
pacitance of tube 2 is less than that 
of tube 1. For the reverse situa¬ 
tion, the plate connection of the 
neutralizing capacitor remains the 
same, while the grid connection 
should be made to the grid of tube 1. 

Fhosa Shift in Grid Circuits 

A word needs to be said at this 
point concerning the possibility of 
undesirable phase shift in the grid 
circuits of the two class-C ampli¬ 
fier tubes. Referring to Fig, 2A, 
note that grid coupling capacitors 
Cl and Ca will normally be so de¬ 
signed that their reactance at the 
operating frequency is very low 
compared to the equivalent shunt 
resistance of the grids of the two 
tubes at the positive peak of the 
grid driving cycle. Yet the react¬ 
ance of these capacitors at the high¬ 
est modulating frequency should be 
equal to at least twice the resistance 
of the grid leaks (neglecting, in the 
interests of simplicity, the effect of 
the r-f chokes), for good linearity 
of modulation. 

In view of the extremely low 
shunt resistance which the grids 
may represent when driven well 
into the positive region of opera¬ 
tion, it may not always be possible 
to prevent a certain amount of 
phase shift in the coupling circuits. 
If the two tubes are dissimilar, 
with differing grid driving require¬ 
ments and differing grid imped¬ 
ance characteristics, the phase 
shifts in the two grid circuits may 
not be the same and the two tubes 
may not be driven exactly 180 de¬ 
grees out of phase. 

Unfortunately, the phase of the 
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voltage in the grid circuits at the 
positive crests of the grid driving 
cycle directly determines the phase 
of the steady-state r-f voltage 
across the common plate tank cir¬ 
cuit. The remedy is to equalize 
the time constants of the two grid 
circuits at the crest of the driving 
cycles, which can be done by vary¬ 
ing the capacitance of one or the 
other of the coupling capacitors or 
by connecting a low resistance in 
series with the grid of whichever 
tube displays the lowest grid im¬ 
pedance at the positive crest of its 
driving cycle. 

Fortunately, in most practical 
cases the phase shift through the 
coupling capacitors will be negli¬ 
gible; phase correction in the grid 
circuit will only be found to be 
necessary in the case of low-carrier- 
frequency, high-fidelity transmit¬ 
ters when widely dissimilar tubes 
are used. 

Exactness of balance, both as re¬ 
gards phase shift and relative am¬ 
plitude, can be easily checked by 
applying equal d-c plate voltages to 
both tubes simultaneously, and not¬ 
ing the presence or absence of r-f 
voltage of the fundamental fre¬ 
quency in the common plate circuit. 
This check should be made at a 
number of different supply voltages. 

One other point is worthy of 
mention. Examination of Fig. 2 
will show that tube 2 is shunt fed 
in both grid and plate circuits, and 
a low-frequency parasitic oscilla¬ 
tion can be expected as a matter of 
course unless the r-f choke in the 
plate circuit is given a much larger 
value of inductance than that in the 
grid circuit 

Modlfylsf IxItfiBf Iqelpamf 

On the basis of the foregoing dis¬ 
cussion it is npt difficult to see how 
almost any plate-modulated radio¬ 
telephone transmitter can be con¬ 
verted into a double-sideband gen¬ 
erator for the purpose of suppress¬ 
ing adjacent-channel interference 
due to overmodulation. When the 
percentage of modulation is low, we 
have normal class-C modulated am¬ 
plifier performance, with only tube 
1 conducting. However, when over¬ 
modulation occurs, and the instan- 
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taneous plate potential of tube 1 
becomes negative with respect to 
ground, tube 2 comes into action 
and produces an undistorted side¬ 
band output corresponding to the 
negative modulation peaks which 
would otherwise have been clipped 
off. Because there is no distortion, 
no adjacent-channel interference is 
generated. 

The splatter-suppression circuit 
can readily be added to existing 
transmitters provided, of course, 
that sufficient reserve audio power 
is available. It will be seen that the 
number and the cost of the added 


components is not very great. The 
only possible complication is the 
filament supply for the suppressor 
tube, which must have high-voltage 
insulation and a low capacitance to 
ground. However, standard recti¬ 
fier filament transformers meeting 
these requirements are not hard to 
find. 

The splatter-suppression circuit 
can be added to push-pull class-C 
r-f amplifiers just as easily as it 
can be added to single-ended ones. 
Reference to Fig. 8 will make this 
clear. The tube labelled Suppressor 
Tube performs the same functions 
as tube 2 in Fig. 2. The circuit is in 
all other respects that of a conven¬ 
tional push-pull amplifier. From 
the standpoint of r-f, the sup¬ 
pressor tube is connected between 
the grid of either one of the push- 
pull tubes and the plate of the other. 
The main point is that, when over¬ 
modulation occurs and the common 
plate-voltage lead becomes more 
negative than ground, causing the 
suppressor tube to come into opera¬ 
tion, the suppressor tube must de¬ 
liver to the tank circuit r-f which 
is 180 degrees out of phase with 
that supplied by the push-pull tubes 
when the common plate-supply volt¬ 
age lead is at a positive potential. 

Splofter-Sofiprottor Rowar 

The splatter-suppressor tube 
need not have large plate dissipa¬ 
tion capacity. Because tube 2 con¬ 
ducts only during the modulation 
peaks, the average power dissipated 
at its plate will be small. Conse¬ 
quently, a small, inexpensive tube 
can be used, provided one is se¬ 
lected with adequate insulation and 
adequate peak emission. 

For a sinewave modulating wave¬ 
form, the average power input to 
the splatter-suppressor tube can be 
calculated in the following way. 
Power input to the suppressor tube, 
expressed as a percentage of the 
carrier power input, is 0.278 m« 
for sinewave modulating voltage, 
where a expressed in degrees is the 
angle whose cosine is 1/m, and m 
is the modulation factor (defined as 
the difference between the noaxi- 
mum and average envelope ampli- 
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tudes divided by the average ampli¬ 
tude.) 

A plot of this relation is given in 
Fig. 4. The actual power dissipated 
at the plate of the suppressor tube 
is, of course, the product of the 
total input times the efficiency of 
the suppressor tube as a class-C 
amplilier. Especially in the case of 
complex modulating waveforms, 
such as speech and music, it will be 
found that the power dissipated by 
the plate of the suppressor tube is 
relatively small for reasonable de¬ 
grees of overmodulation. 

It should be evident that use of 
the above splatter-suppression cir¬ 
cuit will not prevent distortion at 
the receiver when the transmitter 
is modulated in excess of 100 per¬ 
cent. Some representative oscillo¬ 
grams will make this clear. 

Figure 5 illustrates the patterns 
obtainable. In all three figures the 
modulator output voltage is con¬ 
stant, and only the d-c plate input 
to the larger of the two class-G 
tubes was varied. Figure 6A shows 
the familiar modulation envelope 
pattern obtained when the percent¬ 
age of modulation is less than 100 
percent. In Fig. 6B the effective 
percentage modulation is now in 
excess of 100 percent, and the sup¬ 
pressor tube is beginning to make 
its contribution. In Fig. 50 the d-c 
or carrier power input has been re¬ 
duced virtually to zero and we have 
very nearly a pure double-sideband 
output. In this particular setup, 
the two class-C load impedances 
presented to the modulator were not 
balanced, and time did not permit 
of any attempt to reduce the distor¬ 
tion present in the output of the 
laboratory modulator below the 
level shown. However, the oscillo¬ 


grams serve to illustrate the basic 
idea of the system, and the results 
obtained were in full agreement 
with expectations. 

Figure 6 shows the trapezoidal 
patterns corresponding roughly to 
the conditions of adjustment illus¬ 
trated in Fig. 6. 

When a signal as much over¬ 
modulated as the one shown in Fig. 
5B is demodulated by a wideband 
conventional receiver using a linear 
detector, a badly distorted replica 
of the original sinewave will be ob¬ 
tained. However, it should be borne 
in mind that any sideband clipping 
caused by the selectivity of the re¬ 
ceiver circuits will reduce the effec¬ 
tive percentage modulation of the 
incoming signal and thereby reduce 
the distortion. 

Sideband clipping will, of course, 
normally be noticed only on the 
higher audio frequencies, 1,000 cps 
and above. In communication cir¬ 
cuits where quality of reproduction 
is not important, it may be possible 
to put this effect to some practical 
use. Considerable high-frequency 
preemphasis at the transmitter 
could be followed by high selectivity 
at the receiver, such as that obtain¬ 
able with the conventional crystal 
filter. If high-frequency program 
peaks were then strong enough to 
overmodulate, receiver selectivity 
could easily be made sufficient to 
reject the excess sideband energy, 
thus leaving a signal at the second 
detector which was modulated less 
than 100 percent and hence undis¬ 
torted. The chief practical difficulty 
with this arrangement is that most 
of the energy peaks in speech occur 
at frequencies below 1,000 cps. How¬ 
ever, when overmodulation did oc¬ 
cur at any frequency, it would not 



FIG. 6 — Comspondiag trap«soidol pot- 
Ipfaf show th« p«re9iitt of modulation 
roprotontod by oicUlogromi of Fig. 5 

produce sideband splatter because 
of the carrier phase reversal of the 
suppressor tube. 
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Bridging Amplifier for F-M Monitoring 


Complete data on a monitor amplifier whose signal-to-noise ratio at maximum power output 
is approximately 80 db. It contains a combination differential amplifier and cathode*coupled 
phase inverter for balanced line input and a response flat within 0.5 db from 20 to 25,000 cps 

BY GEORGE E. BEGGS, JR. 


I NCREASING DEMAND for higher 
quality audio transmission re¬ 
quires apparatus capable of gaging 
the true quality of transmitted pro¬ 
grams, especially in frequency 
modulated radio stations. 

The amplifier to be described is 
capable of 15 watts output at fre¬ 
quencies as low as 20 cycles per 
second and as high as 25,000 cycles 
per second, having response flat 
within better than ziz 0.5 decibel 
between these limits. This is ob¬ 
tained by the use of an all pushpull 
triode circuit particularly adapted 
to monitor bridging amplifier use, 
but also usable with single-ended 
input sources. Adequate gain for 
operation from a standard 600-ohm, 
0-v-u (0 v-u = 1 mw) line and 
good signal-to-noise ratio further 
justify its use in monitor applica¬ 
tions. 

Components and circuit details 
are such that the unit can be dupli¬ 
cated at relatively low cost with 
assurance that good performance 
will be obtained. The addition of 
a single-ended preamplifier would 
make the unit adaptable to applica¬ 
tions other than monitor use, such 
as quality reproduction in homes. 

The unit has excellent response, 
as shown in Fig. 1, low effective 
source impedance for loudspeaker 
or cutter operaflon, differential am¬ 
plifier, cathode-coupled phase-in¬ 
verter input in place of a bridging 
transformer, balanced inverse feed¬ 
back, low noise level, and adequate 
gain. 

Push-pull triode operation is 
utilized throughout, as shown in 
Fig. 2. The input stage, comprised 
of a 6SC7 dual triode, is employed 
in place of a standard bridging in¬ 
put transformer. Since it has 500,- 


000-ohm resistors in the grid- 
return circuits, the load imposed on 
the standard 600-ohm line is neg¬ 
ligible. An input voltage of the 
order of 0.3 volt rms grid-to-grid 
will drive the amplifier at full out¬ 
put. 

This input stage has several use¬ 
ful features. By utilization of a 
25,000-ohm unbypassed cathode re¬ 
sistor in place of the usual 1,000- 
ohm resistor, a combination dif¬ 
ferential amplifier' and cathode- 
phase-inversion amplifier* is ob¬ 
tained. In normal operation, when 
a push-pull signal is introduced to 
the grid, the cathode remains at a 
fixed potential. However, if an in- 
phase signal is introduced to both 
grids, it will tend to drive grid A 
in a positive direction, and the 
cathode, due to the large value of 
cathode resistor, will also tend to 
go in a more positive direction. 
This is equivalent to grid B going 
in a negative direction. However, 
since grid B is also going in a posi¬ 
tive direction, the in-phase signals 
cancel out, which is the desired 
characteristic to allow cancellation 
of hum pickup in balanced lines, 
etc. In spite of the high value of 
cathode resistor, full gain of the 
6SC7 stage is realized with the cir¬ 
cuit outlined. 

Single-initod lapst 

The amplifier may be supplied 
with a single-ended input signal by 
grounding the unused grid. A 
signal fed to the other grid, the 
signal voltage being developed be¬ 
tween ground and that grid, will 
appear as a push-pull signal in the 
plate circuits of the input tube. 
This is occasioned by a similar ac¬ 
tion to that outlined above, that is, 


if grid A goes in a positive direc¬ 
tion, the cathode follows the grid, 
giving an equivalent negative signal 
to grid B, thus providing a push- 
pull signal reproduced in the plate 
circuits. With the circuit constants 
shown, a balance of five percent or 
better can be obtained between the 
two signals, that is, the ratio of a-c 
plate signal A to plate signal B, 
will be approximately 1.05 or leas. 

The ratio of the plate signal 
magnitudes in the two plate circuits 
is given by the equation*: E,AtEpB = 
1 ’{•1/G^Rk where G,,. is the mutual 
conductance of the tube and Rk is 
the cathode resistance. 

When the amplifier is used with 
single-ended input, it is important 
that provision be made to ground 
the unused grid directly, rather 
than depend upon the 500,000-ohm, 
grid-return resistor to furnish ade¬ 
quate ground return. If the grid 
is left at 600,000 ohms above 
ground, high-frequency response of 
the amplifier suffers (curve 3 of 
Fig. 1 results). Apparently the 
effective capacitance between grid 
and cathode causes the unused grid 
to follow the cathode at frequen¬ 
cies where the impedance of the 
capacitance approaches the value of 
the grid resistor, the effect becom¬ 
ing progressively more pronounced 
at higher frequencies. This de¬ 
creases the overall gain at these 
frequencies by decreasing the in¬ 
put to the unused grid, that is, the 
differential voltage between the 
two grids is reduced. 

In a sense, this effect is similar 
to the Miller effect* in usual triode 
operation, where the effective input 
capacitance Ci of a triode is many 
times the grid-cathode capacitance 
The actual value of C« is given 
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by: Ci = Cak (M \)C„p where 
M = stage gain at mid-frequency 
and C^p — grid-plate capacity. 

For a 6SC7 with plate load and 
plate voltage conditions noted on 
the circuit, this capacitance is 
about 90 / 1 /i.f, which is an impedance 
of 600,000 ohms at about 3.000 cps. 

Driver Sfa 9 ft 

The basic circuit of the driver 
stage is conventional with certain 
exceptions. The gain control of the 
amplifier, which might be omitted 
under certain application condi¬ 
tions, is a push-pull gain control. 
In the circuit shown, a two-circuit, 
six points per circuit, switch was 
utilized to give five steps of gain 
and an off position, in steps of ap¬ 
proximately six db, except for the 
last step which was made approxi¬ 
mately 10 db. It is probable that a 
standard dual gain control, with a 
resistance of 250,000 ohms per sec¬ 
tion, could be used. 

The plate circuit of the driver 
stage and the grid circuit of the 
output stage can best be described 
jointly. A UTC type HA-107 inter¬ 
stage transformer having split 
secondaries is utilized to allow the 
application of fixed bias, with in¬ 
dividual adjustment, to the output 
tubes. The two secondaries are 
individually loaded to reflect an 
impedance of approximately 10,000 
ohms per plate to the 6SN7 driver 
sections. This serves to provide 
proper operation of the transformer 
over a wide range of frequencies. 
In the primary of the transformer, 
a 22-henry choke is utilized in the 
plate supply lead, to provide a high 
a-c impedance to ground from the 
center point of the driver trans¬ 
former primary. This insures that 
the 6SN7 will maintain class A 
operation, since any tendency for 
the sum of the two plate currents 
to depart from a constant value 
(true class A operation) is offset 
by the a-c impedance of the choke. 
Since there is no necessity to drive 
this tube into the grid-current 
region to obtain adequate driving 
voltage for the output tubes, class A 
operation is to be desired under all 
circumstances for low*distortioa 


operation, and is assured by the in¬ 
clusion of this choke. 

The output tubes utilized are 
type 6A5G*. These tubes are simi¬ 
lar to the 2A3 triode, but have two 
advantages over 2AS*8. First, since 
they operate with G.3 volts on the 
heater, no 2.5-volt transformer is 
needed. Secondly, the inclusion of 
a cathode internally tied to the cen¬ 
ter tap of the heater makes an 
equipotential electron source avail¬ 
able. This has proved of great 
assistance in reducing the residual 
hum level present in the amplifier. 
The unit was previously constructed 
with 2A3's but the change was 
made to reduce hum. The output 
tubes are operated with a fixed bias 
of approximately 68 volts derived 
from the two potentiometers and 
the voltage divider network sup¬ 


plied by the 6W4 bias rectifier. In¬ 
dividual adjustment of these tubes, 
so that they draw equal plate cur¬ 
rent, is accomplished by use of the 
two potentiometers and the 50-ma 
meter. The switch allows checking 
current of either tube indepen¬ 
dently. Each tube is adjusted to 
draw 40-ma with no output. 

Since the cathodes are grounded, 
the center-tap ground return for 
all heaters is accomplished through 
the internal connection within the 
6A6's, a common 6.3-volt supply be¬ 
ing used for all three amplifier 
tubes. The output transformer 
utilized is an LS-55 UTC type. 

Feedback 

Monitor amplifier application re¬ 
quires excellent response over a 
wide range of frequencies. It is 
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FIG. 1—Cureei made ot one-rolt rmt input to amplifier leedina o 500-ohm retiitiTo load. 
For eurve L the Input woe a bokmoed line and leedback woo used In the amplUler. 
A oimllor curve was obtained with single-ended input and one grid grounded. Curve 2 
resulted when leedbock was omitted. Curve 3 was produced with single-ended unbal¬ 
anced input to one grid and the other grid not directly grounded, with leedbock 
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most desirable to obtain a response 
curve which is flat over a wide 
range and which contains no posi¬ 
tive slopes within or near the range 
of frequencies normally supplied to 
the amplifier. This last character¬ 
istic improves transient response. 

Feedback is incorporated in the 
amplifier in a balanced fashion, in 
keeping with the overall push-pull 
characteristics, by feeding a por¬ 
tion of the output voltage from each 
output plate back to the appropriate 
driver cathode, through a large 
blocking capacitor, to reduce phase 
shift in the feedback circuit to 
negligible proportions. These by¬ 
pass capacitors are 8 fxi electrolytics 
further bypassed by paper capaci¬ 
tors to reduce the impedance effect 
of electrolytics at high frequencies. 
A of A is provided • (correspond¬ 
ing to about 14-db feedback) with¬ 
out any tendency to oscillate. 


Feedback could have included the 
output transformer under certain 
conditions but it was thought de¬ 
sirable to leave the output lines en¬ 
tirely independent of any relation 
to ground so that they could be 
operated with associated equipment 
in which one side of the output line 
might be operated at ground or the 
output line might be floating or 
center tapped to ground. The fre¬ 
quency response does not appear to 
suffer from the omission of the out¬ 
put transformer from the feedback 
loop. 

Rrsqssscy Rstpsait 

The characteristics of the ampli¬ 
fier witl.out feedback, with push- 
pull balanced line input, are shown 
in curve 2 of Fig. 1. Under these 
conditions, the amplifier is flat 
within =t: 2 db from 40 cycles to 
over 20,000 cycles, which is reason¬ 


ably good. However, with feedback, 
as shown in curve 1 of Fig. 1, re¬ 
sponse is within better than db 0.5 
db from 20 cycles to 25 kc. The 
usual low impedance of the 6A5G*s 
is further reduced by the addition 
of feedback. Under these condi¬ 
tions, a power output of 20 watts at 
1,000 cps may be realized before 
overloading. 

Output capabilities at low fre¬ 
quencies are sufBcient to allow 15 
watts (-h 42 v-u) to be developed at 
frequencies as low as 20 cps, while 
a similar output may be obtained 
at 25 kc. In addition, the introduc¬ 
tion of feedback lowers the overall 
noise and hum level of the amplifier 
to a point where the signal-to-noise 
ratio at maximum power output of 
the amplifier is approximately 80 
db. The actual background noise 
at full gain, with the input open but 
shielded, is —40 v-u below zero 



FIG. 2—Complete dreoH of amplifier. For sSiifle-eaded liipitt the imitsed qrld is eoatteetid to qrotwd 
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(approximately seven mv across 
the 500-ohm output line), or 82 db 
below maximum signal. A noise 
level of this magnitude is prac¬ 
tically inaudible even when the 
amplifier is utilized with speakers 
capable of excellent wide-band re¬ 
sponse 


Other Feeferet 

The time constant of coupling 
circuits in the first two stages has 
been made quite large, 0.05 second, 
to maintain adequate low-frequency 
response. Input capacitors are in¬ 
cluded to allow coupling to sources 
having d-c components present. 

The negative bias supply, in addi¬ 
tion to being used to supply bias to 
the two output tubes, allowing oper¬ 
ation as a fixed-bias amplifier, also 
supplies a point of return for the 
cathode circuit of the input tube. 
Since a large voltage drop occurs 
across the 25,000-ohm cathode re¬ 
sistor (approximately 72 volts), it 
is desirable to return the cathode to 
a point at —70 volts, so that the ef¬ 
fective bias on the input tube is 
approximately two volts, the grids 
being returned to ground. While 
this is not essential, returning the 
cathodes to ground through 25,000 
ohms would reduce the effective 
plate voltage on the tube by 70 
volts, and necessitate returning the 
grids to a point above ground, thus 
reducing the overall gain of the 


tube and also creating a rather high 
heater-cathode potential which is 
not a favorable operating condition. 

A study of the circuit diagram 
will indicate that upon applying 
power to the amplifier, the output 
tubes are initially biased practically 
to cutoff until all the heaters in the 
amplifier warm up, since the 6SC7 
input tube initially does not draw 
any current, resulting in a smaller 
drop across the filter resistors in 
the bias supply, or effectively in¬ 
creasing the bias on the output 
tubes. This makes for longer life 
and lack of surge current conditions 
in the output tubes during heating. 

Individual adjustment was pro¬ 
vided in an early model for the re¬ 
turn point of the 6SC7 cathode but 
it was found that this was not re¬ 
quired despite various tube changes 
and a fixed value was used which, 
with the other resistors, gives ap¬ 
propriate potential. 

The output transformer is suffi¬ 
ciently well shielded so that it does 
not pick up appreciable hum from 
the power transformer. Grounding 
practice of returning single-stage 
grounds to a single point, with spe¬ 
cial care being taken to exclude any 
portion of the chassis from grid and 
and grid-return circuits within a 
single stage, has been followed. This 
is straightforward r-f and audio 
practice but is particularly neces¬ 
sary to obtain the noise level real¬ 


ized in this amplifier. The output 
transformer was chosen to allow 
use with standard line impedances 
or voice-coil impedances, adequate 
match being obtained from 500 ohms 
down to approximately one ohm. 
Since triodes are utilized in the 
output stage, with feedback, the 
damping characteristics of the cir¬ 
cuit are excellent for applications in 
which the impedance of the driven 
device may vary over wide ranges. 
This is the case with almost all 
electroacoustic devices such as re¬ 
cording cutters and direct-radiator 
or horn-type loudspeakers. In addi¬ 
tion, with direct-radiator loud¬ 
speakers, the damping provided by 
the amplifier tends to reduce distor¬ 
tion present at low frequencies to 
some degree. This unit has been 
successfully used with compact 
horn-type loudspeakers* ’ " 
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Low-Impedance Reactances for VHF 

Flat-plate transmission lines make convenient low impedances at vh£. Such reactances are 
mechanically large enough even at 1,000 me to be readily fabricated. Design requirements 
are developed, and applications to an amplifier and to a matching section are described 

By E. K. STODOLA an4 HENRY LISMAN 


T ransmission line sections 
are used in very-high-fre¬ 
quency circuits in the same way 
that lumped reactances are used at 
lower frequencies. Although open 
and coaxial lines are frequently em¬ 
ployed, flat-plate lines can conven¬ 
iently be used in both balanced and 


unbalanced circuits, especially in 
the region from 800 to 1,000 mega¬ 
cycles. 

Trontinittieii Line PoroiMtsn 

At the high frequencies, sections 
of open or short circuited trans- 
missi<m lines are used as circuit ele¬ 


ments in place of lumped reactances 
because of their negligible losses 
compared to other circuit elements 
(input conductance of tubes, an¬ 
tenna radiation resistance, and 
such). The losses are kept small by 
using line sections longer than 0.1 
wavelength and with spacings be- 
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tween conductors and other dimen* 
sions small enough compared to a 
wavelength so that simple current 
distributions are maintained. 

Reactance of a short-circuited 
transmission line is 

Xgc ~ Z^tsLXi (StcI/X) 
where I is electrical length of the 
line, X is wavelength of the current 
involved in the same units of length 
as I, and Zo is characteristic imped¬ 
ance of the line in ohms. The term 
is the electrical length in 
radians of the transmission line. 

For lines such as are considered 
here, using air dielectric, and with 
negligible lumped capacitance in¬ 
troduced by mechanical supports, 
the wavelength is practically the 
free-space wavelength; the elec¬ 
trical length and the mechanical 
length of the line are equal. 

The above relation shows that, if 
a low value of reactance is desired 
for a circuit element, either the line 
section must have a low Zo or it 
must be very short. If the line 
section is not to be too short; for 
example, at least 0.1 wavelength 
long, there is a maximum. 

With conventional round-con¬ 
ductor open lines it is difficult to 
obtain a low enough characteristic 
impedance to be able to use a rea¬ 
sonably long section of line and still 
produce the low reactance required 
for circuit elements. However, for 
a transmission line with a parallel 
return and perfect conductors, re¬ 
gardless of their shapes, the char¬ 
acteristic impedance is 
Zo = Fo/a 

where Vt is the velocity of propaga¬ 
tion, and Co is the capacitance per 
unit length of line. Substituting 
the value of for air, and chang¬ 
ing units of length to inches yields 
Zo = 84.7/a' 

where C 9 is the capacitance in pico¬ 
farads per inch length of line. 

This last relation applies to 
any parallel-conductor air-dielectric 
line. It shows that, to obtain a 
low Zo, a high capacitance per unit 
length is required. A flat parallel- 
plate line affords a more efficient 
means of obtaining this capacitance 
than round rods, and therefore such 
lines are the basis of this approach 
to vhf circuit design. 


Designing Flot-Piafe Circuits 

The capacitance per inch of 
length for two parallel plates in air 
a' = 0.226 (W/D) 
where W is width of the plates in 
inches, D is spacing between the 
plates in inches, and Co is in pico¬ 
farads. The characteristic imped¬ 
ance in ohms of a parallel-plate line 
is thus 

Zo = 877(D/W) 

neglecting fringe effects. If the 
width and length of the plates are 
large compared to their spacing, 
fringing can be neglected. Because 
there would be little object in using 
flat plates unless they were to be 
closely spaced, the foregoing equa¬ 
tion is reasonably accurate for 
practical applications. The imped¬ 
ance of a shorted parallel-plate line 
section is thus 

Xno = 377(D/W)Un(2iuZ/X) 
and of an open parallel-plate line 

Xoc = - 377(D/W)cot(2wl/X) 
so that, for a line less than 0.25- 
wavelength long, the shorted line 
gives an inductive reactance and 
the open line gives a capacitive re¬ 
actance. 

Beyond these basic design re¬ 
quirements there are certain prac¬ 
tical considerations. To illustrate 
these practicalities, consider a 
600-mc grounded-grid amplifier us¬ 
ing a planar triode, such as in a 
receiver preamplifier. Although 
these tubes are designed for use 
with coaxial lines, they lend them¬ 
selves to flatline construction. 

The basic r-f circuit of such an 
amplifier, with the plate and heater 
power feeds omitted, is shown in 
Fig. 1 A. Two resonant circuits are 
required. The inductive element of 
each resonant circuit is to consist 
of a section of shorted flat-plate 


transmission line enough less than 
0.25-wavelength long to present an 
inductive reactance equal to the 
capacitive reactance of the tube 
capacitance. 

The plate-grid resonant line is 
designed as follows: The grid-plate 
capacitance of the tube is 1.4 pf. 
It is tentatively assumed that an 
added variable tuning capacitance 
of about the same value will be used 
for adjustment of the resonant fre¬ 
quency of the circuit. The total 
capacitance is then 2.8 pf. At 600 
me this capacitance has a reactance 
of 96 ohms. 

Primarily because of mechanical 
considerations involving the diam¬ 
eter of the vacuum tube and the 
spacing between plates and grid 
discs, a line having a spacing 
of 0.2 inch and a width of 1.5 
inches is chosen for initial con¬ 
sideration. These dimensions give 
the line a characteristic impedance 
of 60 ohms. The wavelength in 
inches is 

X = 11,800// 

where f is frequency in megacycles. 
For 600 me, X is 19.7 inches, or a 
quarter wavelength is 4.98 inches. 
Use of the previous equation for X^o 
shows that the length of line to give 
95 ohms is slightly less than 8.5 
inches, or about 0.2 wavelength. 

A suitable length of line has been 
determined, but no consideration 
has been given to the feeding of d-c 
to the plate connection. It is ad¬ 
vantageous to have the line plate 
solidly grounded to the main ground 
plate of the amplifier. A construc¬ 
tion that achieves this goal is 
shown in Fig. IB. A sandwich type 
of line is used in which the plate 
line consists of the main plate 
which is grounded, and an auxiliary 
plate which is bonded to the other 
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plate insofar as r-f is concerned but 
is insulated for d-c by being sepa¬ 
rated from the main plate by a thin 
strip of mica. 

Tuning of this system is rela¬ 
tively critical and it is necessary to 
provide a fine tuning arrangement 
for the variable capacitor at the end 
of the line» such as a differential 
screw shown in Fig. 2. As the knob 
is turned, the inner shaft moves in 
opposition to the outer shaft so that 
the resultant movement of the 
capacitor plate is the difference of 
the two axial motions. 

Numerically, if there are turns 
per inch on the outer shaft and T« 
turns per inch on the inner one, the 
capacitor plate will move as if 
driven by a simple screw having T, 
turns per inch where 

T. == r.r./(T, ~ T,) 
so that, even with coarse threads 
for Tx and T., the capacitor is 
driven with a fine motion. For ex¬ 
ample, if Tx and T* are 24 and 28 
turns per inch, respectively, T, is 
168 turns per inch. 

A flat spring is soldered between 
the movable capacitor plate and the 
base plate to serve three purposes. 
(1) It prevents the inner screw 
from rotating. (2) It takes up back¬ 
lash in the differential screw so that 
precision parts are unnecessary. 
(8) It provides a low-impedance r-f 
path to the movable plate. 

Size of the capacitor plate that is 
required for this tuning can be com¬ 
puted from the relation for parallel 
plate capacitors 

C = 0.226 (A/Z» 

where C is capacitance in picofa¬ 


rads, A is area of one plate in 
square inches, and D is spacing be¬ 
tween plates in inches. The area 
of the plates should be chosen to 
given a reasonable spacing. 

The cathode-grid line can be de¬ 
signed similarly. By operating 
with one side of the heater grounded 
and by mounting the cathode-bias 
resistor directly on the tube base, 
the bypass capacitor for this re¬ 
sistor being inside the tube, only a 
single-layer sandwich plate is re¬ 
quired. A multiple layer sandwich 
could be used to allow using an un¬ 
grounded heater or measuring cath¬ 
ode current. In constructing an 
amplifier using the 2C40, the tube 
is mounted through a large base 
plate to which the grid is grounded. 
On each side of the base are 
mounted the smaller fiat plates that 
form the other halves of each line, 
as shown in Fig 2. Figure S shows 
the circuit. Coupling to the plate 


line is provided by an adjustable 
loop at the edge of the line. Input 
coupling to the cathode line is ob¬ 
tained by a sliding clip on the edge 
of the line. 

Two stages of preamplification 
were built using this amplifier de¬ 
sign. They satisfactorily replaced 
a more complicated coaxial-cavity 
amplifier. The noise factor of the 
flat-line preamplifier was 9.7 db, the 
gain of the two stages between 
72-ohm input and 72-ohm output 
was 28 db, and the bandwidth be¬ 
tween half-power points with both 
stages tuned to the same center 
frequency was 1.67 me. Wider band¬ 
width with some loss in gain could 
be obtained by slight staggering of 
the tuning. 

Olher AppMcofriont 

While the use of flat-plate lines at 
very high frequencies has been 
emphasized, this type of line has 
applications at lower frequencies 
where low impedances are neces¬ 
sary. For example, it was neces¬ 
sary to match a 17-ohm generator 
output to a 250-ohm load at 100 me. 
A quarter-wavelength matching 
section was to be used. The char¬ 
acteristic impedance of such a sec¬ 
tion must be the geometric mean 
between the two impedances in¬ 
volved, or 

Zoxn = (Zoo^or.)^ 

where Zom is the characteristic im¬ 
pedance of the matching section, 
Zoo is the impedance of the genera- 
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tor, and 2 ol is the impedance of 
the load. In this case the matchinf 
section should have a characteristic 
impedance of 65 ohms. It can be 
constructed easily with flat plates 
1-inch wide, spaced 0.173-inch, and 
29.5-lnches long. If the spacing of 
the line is maintained by insulating 
washers, they should be as small as 
possible in order to minimize 
lumped capacitances. 

An incidental advantage of the 
flat-plate line is its power-handling 


ability. For the same characteristic 
impedance, the spacing of a flat- 
plate line, having plates of the same 
width as the diameter of the ele¬ 
ments of a comparable parallel-wire 
line, is greater. Hence the flat-plate 
line will withstand higher voltages 
without flashover. This is an im¬ 
portant consideration in lines for 
transmitting high power or for sec¬ 
tions used as tuning elements in 
high-voltage circuits. 

It should also be noted that, par¬ 


ticularly for transmitting r-f power, 
a flat-plate line can be made of a 
center plate and a plate on each 
side, in which case the character¬ 
istic impedance will be half that 
given previously. To increase rigid¬ 
ity, or for some other reason, the 
line can be made from angle metal. 
The plate-type line can thus be con¬ 
sidered, and used, as an intermedi¬ 
ate form between the conventional 
open-wire line and that of the coax¬ 
ial line. 


UHF Repeater Station 

Transmissions on 2,726 kc from isolated mountain dams are relayed to flood-control head¬ 
quarters during noisy daylight hours. The centrally-located and unattended 312-Mc 
equipment at W6XFE may be turned on or off at any time by radio remote control from 
KFCD. A clock-switch renders it inoperative after dark 

ly MAURICE E. KENNEDY 


Poor daytime reception from 
100-watt medium-frequency sta¬ 
tions located at isolated mountain 
dams led to the development of an 
ultra-high-frequency repeater for 
the Los Angeles County Flood 
Control District. A suitable loca¬ 
tion was selected on 1900-foot 
Flint Peak, near the center of the 
heavily populated area of South¬ 
ern California. This site is nine 
miles visual distance from KFCD, 
the headquarters station in the 
city of Los Angeles, where trans¬ 
missions from the various dams 
must be received. 

It was considered desirable to 
arrange the equipment so that it 
could be turned on or off at any 
time by radio^remote control from 
Los Angeles. This was accom¬ 
plished by means of an auxiliary 
circuit and selective relays. 

Medium - frequency reception 
was satisfactory at night so it was 
also desirable to render the re¬ 
peater inoperative during the 
hours of darkness. This was ac¬ 
complished by equipping the sta¬ 
tion with a clock-switch. 

The repeater equipment utilizes 


a conventional superheterodyne 
for reception of signals on 2,726 
kc. 

The receiver incorporates one 
stage of r-f preselection, two 
stages of iron-core i-f amplifica¬ 
tion, a crystal-controlled (Pierce) 
oscillator for fixed channel recep¬ 
tion, and one stage of a-f amplifi¬ 
cation. 

Automatic volume control vol¬ 
tage is obtained from one diode of 
a 7C6 tube. The output of the tri- 
ode section of the 7C6 is coupled 
to the grid of a zero-bias isolating 
stage operating control relays and 
to the transmitter modulator tube. 

Coupling and filter networks 
isolate automatic control circuits 
from normal audio circuits. 

One triode section of a 7N7 tube 
is used as a zero-bias isolation 
amplifier and the other section of 
the tube is biased to operate as a 
grid-controlled d-c rectifier. A 
band-pass filter network is used to 
prevent the automatic control 
from operating on frequencies 
other than the lOOO-cps dial-tone 
transmitted by a pulsing dial at 
the Los Angeles station. 


A 10,000-ohm sensitive relay is 
connected in the plate circuit of 
the 7N7 rectifier section. This re¬ 
lay serves to pulse the stepping 
relay, which was constructed to 
permit automatic re-set when the 
last contact is reached. The fila¬ 
ment and re-set relays have hold¬ 
ing contacts which lock them in 
place as the stepping arm passes 
their contact. All holding circuits 
are broken when the stepping re¬ 
lay is dropped to its zero position. 

A seven-dash dial-pulse from 
the control desk at the Los An¬ 
geles station lifts the stepping arm 
to the contact which closes and 
holds the filament relay. Filament 
current is thus supplied to the os¬ 
cillator and modulator tubes of 
the 812-Mc transmitter. After a 
80-second pause to permit the 
tubes to warm up, a second seven- 
dash pulse is transmitted and 
plate power is applied. The circuit 
is in operation as soon as plate 
power is applied and reception of 
the repeater channel is available 
on a loudspeaker in the control 
room in Los Angeles, 

When service from the repeater 
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channel is not desired, a dial pulse 
of six dashes on the 2,726-kc car¬ 
rier of KFCD lifts the stepping 
arm to the re-set contact and the 
relay drops to zero. This proce¬ 
dure gives the central station op¬ 
erator control of the unattended 
transmitter and serves to conserve 
battery power when the repeater 
channel is not used. 

U-N-E Trammitfor 

Two type HY616 tubes are used 
in a push-pull, tuned plate-tuned 
cathode, oscillator circuit. The 
heater supply leads are twisted 
and pulled through the cathode 
lines to keep heaters and cathodes 
at the same r-f potential. 

Very little difliculty was experi¬ 
enced in obtaining strong oscilla¬ 
tions at frequencies up to 826 Me. 
A marked reduction in output was 
experienced above 825 Me and it 
was not possible to obtain satis¬ 
factory oscillations above 850 Me. 

Frequency drift over a 24-hour 
period was quite a factor in the 
operation of the original 812-Mc 
oscillator. The drift was traced to 
extreme temperature fluctuations 
encountered on the unprotected 
mountain peak. It was necessary 
to redesign the plate and cathode 
lines to maintain the all-important 
constant center-spacing of the 


copper tubing. Heavy-wall, larger- 
diameter tubing was used with a 
single - point tuning - fork type 
mounting. Flexible leads were 
provided to connect the open ends 
of the plate line to the tube con¬ 
nections. 

The transmitting frequency is 
determined by the length of the 
lines, spacing between the lines 
and by the setting of the shorting 
bar at the closed end of the lines. 
Adjustable **penny size’’ plates 
have recently been installed across 
the tube end of the lines. Fre¬ 
quency is measured by Lecher 
wires and a General Radio type 
758-A wavemeter. Approximately 
8 watts output is realized. 

The HYSiS’s are plate-circuit 
modulated by a 6K6G pentode op¬ 
erated from the transmitter power 
supply and driven by the associ¬ 
ated receiver. 

Aatesaa Syttems 

The receiving antenna for the 
2,726-kc receiver is a conventional 
single-wire type. 

The radiating system for the 
812-Mc repeater transmitter is a 
square-corner reflector type with 
the excited element near the focal 
point and 0.5 wavelength in front 
of the vertex of the reflector 
frame. The 0.6-wavelength reflec¬ 


tor elements are spaced 4 in. apart 
on 4 ft. by 4 ft. frame. The ex¬ 
cited element is 95 percent of a 
half-wavelength. The active ele¬ 
ment is current-fed by means of 
a short tuned transmission line 
and “hairpin” coupling-link placed 
in inductive relation to the plate 
line of the transmitter. 

All elements and feeder meas¬ 
urements were calculated and 
later checked by actual operating 
measurements. The calculations 
were ^ound to be sufficiently accu¬ 
rate. Standing waves on the feeder 
lines are checked by moving a 
metal rod or a finger along in close 
relation to the line and watching 
the dips on the plate meter of the 
transmitter. Insulation problems 
were greatly simplified by having 
all points of mechanical contact 
at ground potential. 

The 312-Mc receivinsr antenna 
on the roof of the office building 
in which the Los Angeles station 
is located is similar in design. Be¬ 
cause of the physical proximity of 
this antenna to the tuning house for 
the KFCD 2,726-kc transmitting an¬ 
tenna, it was more convenient to 
voltage-feed the active element to 
the u-h-f receiver located in the 
tuning house. 

Field strength measurements 
show a 30-db front-to-back signal 
difference for the parasitic reflec¬ 
tor type of square-corner antenna 
used. 

Power Sopply 

Power for the mountain-top sta¬ 
tion is developed by a heavy-duty 
wind-driven Wincharger and a 
600 ampere-hour storage battery. 
Heavy-duty B batteries are used 
for plate power on the modulator 
and u-h-f oscillator. Plate supply 
for the 2,726-kc receiver and the 
relay control tube is developed by 
a vibrator power unit. 

TImo Switch 

A weight-driven time-switch 
turns the 2,726-kc receiver and re¬ 
lay control tube’s plate and fila¬ 
ment power on at 8:00 A.M. and 
off at 6:00 P.M. Satisfactory com¬ 
munication is possible on the regu¬ 
lar low-frequency channel during 
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the balance of the 24-hour day. 
This procedure conserves battery 
power at the repeater station. 

totfery-ClHirflBg Problem 

Current consumption of the re¬ 
peater equipment is 4i amperes at 
6 volts in the stand-by condition 
and 6i amperes when transmit- 
ing messages to the headquarters 
in Los Angeles. 

The wind-driven charger scheme 
is not entirely satisfactory during 
certain months of the year and 
will ultimately be supplemented 
with an enginq^drlven charging 
system for prolonged periods of 
calm weather. 

The receiver used in Los An¬ 
geles is a simple oscillator with a 
single type HY-615 tube used as a 


self-quenching super-regenerative 
detector. Tuning is accomplished 
by means of a dial-operated cop¬ 
per wedge between the copper 
tubes forming the resonant cir¬ 
cuit, at the tube end. 

U-H-F taeaivar 

One stage of a-f amplification is 
used at the receiver, on the roof 
of the building, to feed a 500-ohm 
audio line running down to the 
control desk on the fourth floor. 
An additional amplifier for the re¬ 
peater channel is mounted on a 
channel rack in the control room 
of KPCD. 

Filament and plate power are 
supplied to the receiver by a small 
a-c power unit located within the 
antenna tuning house. Relay con¬ 


trol from the fourth floor turns the 
receiver on and off. 

An early attempt to locate the 
u-h-f receiver in the control room, 
with a concentric feeder to the an¬ 
tenna on the roof, was not suc¬ 
cessful because of high losses in 
the transmission line at 300 Me. 

Parlamaaca Data 

A routine service trip is made 
to the station on the mountain at 
30-day intervals. 

Reliable average signal levels 
over the 9-mile visual signal path 
have been obtained for a period of 
more than two years. Short dura¬ 
tion fading and signal attenuation 
of approximately 4 db has been 
observed during periods of heavy 
rain. 
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F-M Short-Range Carrier System 

A simple communication system for open-wire lines twenty to thirty miles in length 
operates in the 100 to 400-kilocycle range. Wide-hand frequency modulation and limiting 
are used to minimize audio gain variations due to climatic changes 

By E. H. B. BARTELINK tRd EDWARD DASKAM 


T he use of carrier systeme haa 
become widespread in the tele¬ 
phone industry in the last few dec¬ 
ades, and a number of systems are 
available on the market In general, 
these systems are designed to per¬ 
mit the bridging of long distances. 

In view of the cost of long-dis¬ 
tance lines, it has been desirable to 
accommodate the largest practi¬ 
cable number of speech channels, 
which results in a dose spadng of 
the frequency bands used for the 
different carrier channels. This 
puts very stringent requirements on 
the design and manufacture of the 
filters employed to separate the 
different speech channels. In addi¬ 
tion, it is generally required that 
a number of such carrier secUona 
can be used in tandem to form parts 
of transcontinental and other long¬ 
distance telephone channels. This 
requires extremely low distortion. 

There are many cases where ad¬ 
ditional drcuits are needed for 



relatively short toll lines of 26 or 
SO miles; where only two or three 
additional circuits are required, 
and where the need for using many 
such systems in tandem does not 
exist. Such problems are encoun¬ 
tered in large numbers by the inde¬ 
pendent telephone industry, the 
telephone companies not forming 
part of the Bell System. These com¬ 
panies operate an appreciable num¬ 
ber of toll lines, most of which are 
restricted to the ranges mentioned. 

For use in such applications, the 
carrier equipment developed for 
long-haul applications is prohibi¬ 
tive in cost in the majority of 
cases. It seemed that a mudi sim¬ 
pler carrier system could be devel¬ 
oped if short-range requirements 
were given full consideration from 
the start and that tiie cost of such a 
system might be low enough to 
make carrier systems attractive for 
short-haul applications. 

The system to be described will 


operate over 20 to 30 miles of 
open-wire line. It permits applica¬ 
tion of three carrier channels, and 
the channels are selfcontained so 
that they can be added or removed 
without affecting the remaining 
channels. 

Rosie OperoHoo 

One of the major items in the 
cost of conventional carrier systems 
is represented by the filters neces¬ 
sary to separate the different speech 
channels. As the needs for short- 
haul carrier systems are as a rule 
restricted to only a few circuits, it 
was decided to use large frequency 
separation (60 kc) between cban- 
nds; this greatly simplifies the 
filter design and manufacture. This 
process is further helped by putting 
all carrier channels in the 100 to 
400-kc range where the required 
pass bands have been reduced to 
reasonable fractions of the carrier. 
As a result, the filters closely re- 
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semble standard double-tuned i-f 
tranaformera used in broadcast re¬ 
ceivers. In addition, the use of 
these higher frequencies reduces 
the equipment for separating the 
normal (800-8,000 cps) speech 
channel from the carrier to the 
meet elementary and uncritical com¬ 
ponents. 

Another problem encountered is 
that of paralleling the filter output 
circuits for the different channels 
at the transmitting end and the 
filter inputs at the receiving end. 
In conventional carriers, it is neces¬ 
sary to design the filter systenu so 
that the overall impedances of these 
paralleled structures will meet close 
tolerances. In this system, a brute- 
force method was used, ^latively 
high resistances were inserted be¬ 
tween some of the filters and the 
line. Thus the bridging impedances 
of these filter branches have been 
made sufScientiy high so that inter¬ 
action of different carrier channels 
may be neadected. This involves 
some transmission loss in the sys¬ 
tem, but power on the transmitting 
end and gain on the receiving end 
can be obtained easily and at low 
cost. In addition, it is powible to 
put in additional carrier ebannds 
without having to modify any other 
channels. 

Another problem in the design of 
carrier systems is that of keeping 
the transmission in the circuit 
reasonaUy constant, independent of 
any climatie and other ehaoges to 
which the line might be subjected 
by conditions. 

This problem Is solved by the use 
of wide-band frequency modulaticm 
which, with proper limiting, will 
provide an audio-ou^t signal 
which Is independent of the incom¬ 
ing r-f voltages within wide limits. 
Frequent medulation also helps 
suppress crosstalk from underoired 
signals, whether it originates la a 
neighboring carrier system operat¬ 
ing on the same channels or from 
adjacent carrier chan n ds. 

Wide-band frequency modulation 
is obtained by the use of a posltivo- 
biaa multivlbrati». Such a device 
was described in an earlier paper,* 
and it was shown that the rdaUim 
between frequenqr and poaltlve- 


bias voltage is a linear one in first 
approximation. As was described 
in patent literature,* it is possible 
to apply a modulation voltage in 
series with the positive-bias sup¬ 
ply of such a multivibrator, and 
such an arrangement will permit 
frequency modulation correspond¬ 
ing to a large fraction of the car¬ 
rier frequency. 

This is the method used in the 
new carrier system. Its usability 
for practical communications pur¬ 
poses depends to a large extent on 
the ability of obtaining stable aver¬ 
age frequencies in the multivi¬ 
brators because excessive devia¬ 
tions would cause them to drift 
beyond the filter acceptance bands. 
Refinements in technique and 
proper choice of components have 
made it possible to obtain a high 
degree of frequency stability in 
multivibrators. Figure 1 shows 
that if constructed with proper 
care, such a circuit can be stable 
enough to meet the requirements. 

AMmmHm 

The attenuations which occur in 
a uniform open-wire line can be 
calculated with reasonable accuracy. 
However, in most cases the actual 
lines will have entrance cables at 
both ends and sometimes at inter¬ 
mediate points. If these are of any 
appreciable length, mismatch and 
reflection losses can occur. In the 
process of determining the attenu¬ 
ations for which the system should 
be designed, consideration has been 
given not only to the losses of uni¬ 
form lines, but also to attenuations 
existing in some actual operating 
circuits. 

Figure 2 gives a plot of attenua¬ 
tions as a function of frequency 
for three circuits, each having an 
appreciable amount of entrance 
cable. These measurements were 
made in mid-winter when a consid¬ 
erable amount of snow and ice were 
deposited on both insulators and 
cross arms along the line and thus 
represent rather adverse climatic 
conditions. 

Several irregularities occur in 
these curves, corresponding to re¬ 
flections and standing waves. How¬ 
ever, for aQ frequencies under 800 


kc, the attenuations do not exceed 
20 db, and do not exceed 30 db for 
any frequencies up to 860 kc. It is 
possible to eliminate the irregular¬ 
ities and reduce the losses 1^ proper 
modification of the line, but the car¬ 
rier system as a whole is most val¬ 
uable if it does not require any 
changes in existing lines. 

Cretttelk asd Nelte 

In most cases 2-wire operation, 
using adjacent channels for the 
east-west and west-east transmis¬ 
sion, is desirable. The interfering 
signals will then reach the receiver 
without any attenuation, while the 
desired signal may be down by a 
maximum of 30 db with respect to 
it. An interference level of at least 
35 db below the desired signal at 
this extreme condition has been as¬ 
sumed to be satisfactory for service 
and the filter systems have been 
designed towards this value. 

A high transmission level will 
simplify the receiver sensitivity 
problem and reduce the influence of 
outside interference. Excessive 
levels may give rise to interference 
in neighboring radio circuits. On 
this basis, a maximum transmission 
level of 50 milliwatts in 600 ohms 
was assumed. To develop the same 
output voltage in entrance cable 
which may have an impedance as 
low as 100 ohms at these frequen- 
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▼ollag* from lh« ditciiminaior dlTid«d by 
f«e»iT«r o-c input 

ciea up to six times the power or 
300 milliwatts may be required. 
This level can be obtained for nor¬ 
mal circuits without undue require¬ 
ments on the power output stage. 

■niidwidth and Solactivlty 

The frequency excursion chosen 
for this system is approximately 6 
kc each side of center. As the 
speech band normally transmitted 
is 800 to 8,000 cycles, this gives a 
frequency modulation index of 2.0 
on the highest frequencies. On this 
basis, an interference suppression 
of approximately 10 db can be 
expected. 

To have a safety factor in the 
crosstalk, the interference suppres¬ 
sion obtainable by the use of 
frequency modulation has been com¬ 
pletely discounted in the determina¬ 
tion of the selectivity needed in the 
receiver. The adjacent channel at¬ 
tenuation requirement was accord¬ 
ingly set at 66 db at frequencies 
40 kc removed from the center of 
the carrier channel. 

A selectivity curve for the first 
two stages of the receiver is given 
in Fig. 8. It shows that a rejection 
of 50 db at 40 kc off, is already ob¬ 
tained in the first two of the three 
filter stages. The third stage, which 
is connected as a discriminator 
stage, will raise this selectivity to 
the desired value, as can be seen in 


Fig. 4. Because of the discriminator 
connection, this curve does not have 
a fiat top; the significant item is the 
steepness of the sides of the curves, 
which shows an attenuation of 65 db 
at frequencies 40 kc from the center 
carrier frequency. 

Earallal RIferi 

The method chosen to connect 
the receiver filters in parallel is a 
brute-force one. Between the line 
and filter systems, some fairly high 
resistances (2 x 3,800 ohms or 
more) have been connected. As a 
result, the bridging impedance of 
these filters is high enough so that 
they can be connected in parallel 
without causing undue interaction. 

Since entrance cable as well as 
open-wire line must be fed by the 
transmitter, it must be capable of 
developing normal output voltage 
across a 100-ohm entrance cable as 
well as a 600-ohm open-wire line. 
This means more than 50 milli¬ 
watts will be put into an entrance 
cable, but the cable will attenuate it 
to such an extent that by the time 
the transmitter output reaches the 
open-wire line no trouble from ex¬ 
cess radiation is expected. To de¬ 
velop this voltage in such a low 
impedance, the tuning elements in 
the secondary of the output trans¬ 
former are series rather than 
parallel connected to the line. Since 
the aeries connection is used, the 
off-resonance impedance is higher 
than at resonance, thereby solving 
the problem of paralleling trans¬ 
mitters 50-kc apart. The trans¬ 
mitter output is adjusted to the 
desired level for the type of line 
encountered by a screen voltage 


control on the power output stage. 

The circuit of the transmitter 
panel is shown in Fig. 5. The audio 
signal from the termination panel 
is fed into one triode section of a 
6SN7 connected as a cathode fol¬ 
lower. This tube modulates the 
carrier oscillator which is the posi¬ 
tive-bias multivibrator comprised 
of both triode sections of another 
6SN7. 

The multivibrator frequency, 
linear with the positive-bias voltage 
impressed at point A, can be 
changed over wide ranges by chang¬ 
ing this potential from zero to B-h. 
Hence wide-band frequency modu¬ 
lation is obtained directly from the 
output of this multivibrator. The 
bias potential and thus the center 
frequency is controlled by a 50,000- 
ohm potentiometer in a voltage-di¬ 
vider circuit between the plate-sup- 
ply voltage and ground. 

The output from one of the cath¬ 
odes of the multivibrator is con¬ 
nected to the cathode of the other 
triode section of the first 6SN7 tube 
which acts as a cathode fed, 
grounded-grid buffer stage that 
feeds the 6V6 output tube. This 
latter tube is tuned to the center 
frequency of the carrier channel in 
its plate circuit. The pass band of 
the tuned circuit is wide enough to 
pass the -f- and — 6-kc carrier 
swing without too much discrimina¬ 
tion, yet is selective enough so that 
it reduces the harmonic output to a 
low level and hence provides a fairly 
sinusoidal output waveform. 

If it is desired to reduce any sin¬ 
gle harmonic in order to suppress 
interference in other channels, this 
may be done by adjusting the pulse 
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width of the multivibrator, so that 
the amplitude of that particular 
harmonic is zero, and operating the 
output 6V6 class A. The selectivity 
of this circuit also aids in tuning 
the multivibrator approximately to 
the desired channel. This tuning is 
done by adjusting the multivibrator 
frequency control for maximum r-f 
output voltage. 

A tuned secondary on the trans¬ 
mitter-output transformer provides 
an inductively coupled r-f output. 
The secondary tuning capacitors 
also act as blocking capacitors. This 
type of connection is used to obtain 
sufficient output voltage since the 
line presents such low impedance 
(100-500 ohms) to the tank circuit. 
Two 100-ohm resistors are also con¬ 
nected in series with this circuit to 
help raise the off-resonance imped¬ 
ance for paralleling purposes. 

A transmitter-control relay 
grounds the grid of the output 
tetrode when it is energized, thus 
taking the transmitter off the line. 
Since this relay follows dial pulses 
and ringing frequencies, it is fast 
acting. 

Receiver Cireelf 

The circuit of^the receiver panel 
is shown in Fig. 6. The r-f input to 
the receiver, which comes from the 
line via the distribution panel, is 
fed to a simple H-pad resistance at¬ 
tenuator. This attenuator has at 
least 6,600 ohms input impedance 
and provides 26-db attenuation in 
6-db steps. It is used to set the in¬ 
put to the grid of the first amplifier 
tube in the receiver just above the 
point at which the limiting begins. 


The first stage feeds a 6SJ7 limiting 
r-f amplifier pentode. 

A standard discriminator trans¬ 
former provides the typical S-curve 
characteristic of the discriminator; 
the straight portion of the curve 
being used for the detection of the 
frequency-modulation signals. The 
audio output from the discriminator 
is fed to One triode section of a 
6SN7, which provides the final audio 
output through an output trans¬ 
former to the wiring-distribution 
panel. 

When a signal is received, a nega¬ 
tive voltage is developed across the 
grid-leak combination in the grid 
circuit of the 6SJ7 limiter tube. 
This voltage is directly applied to 
the grid of the other triode section 
of the 6SN7 tube which operates as 
a d-c amplifier. The sensitive relay 
K» in the plate circuit of this tube 
is normally held in by plate current 


flow when no signal is being re¬ 
ceived. When a signal is received 
and a negative voltage applied to 
the grid of the d-c amplifier, the 
current in its plate circuit decreases 
below that required to hold the relay 
and it releases. In this manner the 
relay provides supervision of the 
incoming carrier. 

In the receiver circuit, the high- 
impedance attenuator between the 
line and the input is of the H type. 
The four series elements consist of 
S,806-ohm resistors: the parallel 
branch is made variable in order to 
provide a symmetrical control of 
the incoming carrier level. In all 
cases, the impedance bridged across 
the Ime will exceed 6,600 ohms. This 
method of coupling and attenuator 
construction does involve appreci¬ 
able minimum losses between the 
line and the first receiver filter cir¬ 
cuit, but makes it possible to use 
extremely simple components. At 
the same time, it provides some of 
the necessary damping for the first 
filter circuit 

Aedle-Preqaeacy Characferitflet 

The requirements for the audio¬ 
frequency characteristics are: (1) 
to have as near a zero loss voice cir¬ 
cuit as possible, (2) to have a flat 
frequency response within 8 db 
from 800 to 8,000 cps, and (8) to 
have the distortion at normal oper¬ 
ating level low enough so that two 
or three channels can be cascaded 
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without the overall distortion ris¬ 
ing to an objectionable level. 

The overall audio-frequency char¬ 
acteristics of the system are shown 
in Fig. 7 as plotted tor an output 
level of 0.5 miliwatt In 600 ohms. 
The solid curve was plotted for nor¬ 
mal gain on the channel in one di¬ 
rection and sero gain on the channel 
in the opposite direction. This gives 
the true audio response of a com¬ 
plete channel unaffected by any posi¬ 
tive or negative feedback, which re¬ 
sults if the impedances of the line 
and the line balance are not matched 
perfectly through the frequency 
range. 

The dotted curve was plotted for 
normal gain on the channels in both 
directions, with as good a hybrid 
balance as could be obtained at short 
notice, and hence is representative 
of actual operating conditions. The 
irregular variations of gain with 
frequency for this curve are par¬ 
tially caused by the fact that the 
phase of the fe^back due to imper¬ 
fect balance varies with frequency. 

With the return channel at either 
zero gain or normal gain, the mid¬ 
band gain is zero db. This may be 
slightly higher or slightly lower in 
practice, depending upon how per¬ 
fect a balance of the hybrid may be 
obtained, because the obtainable 
gain is determined by the point at 
which the feedback due to unbalance 
becomes of the proper phase and 
amplitude to produce oscillations or 
seridus aipplitude distortion, rather 
tjtan because of lack of gain in the 
transmitter or receiver audio cir¬ 
cuits. 

The frequency response between 
300 and 8,000 cps is l^t within — 2 
and + 0.6 db with zero gain on the 
return channel and within — 2 and 
-f 1 db with normal gain on the re¬ 
turn channel when a 600-ohm re¬ 
sistive line termination la used. 

In the normal transmission band 
of 860 to 8,000 cps, the total har¬ 
monic distortion for the receiver 
and transmitted alone at a 2-milli¬ 
watt output levd is 2 percent or 
less. This is about as high a level 
as would ever be normally encoun¬ 
tered. At 8,000 cps and higher, the 
distortion rises above this; but 


since any harmonics of even 8,000 
cps would be above the response 
range of normal telephone equip¬ 
ment, this additional distortion is 
of little importance. 

Sfeseitse 

The carrier is switched on and 
off to transmit supervision signals. 
Short interruptions in the carrier 
are used to transmit ringing sig¬ 
nals in a manual system and dial 
pulses if it is desired to dial through 
the system. 

To obtain proper hook-switch 
supervision, a high voice-frequency 
tone (3,500 cps or higher) can be 
superimposed on the transmission 
channel whenever the reverse bat¬ 
tery supervision indicates that the 
distant subscriber has not yet lifted 
his receiver or terminated the call 
—^his tone is removed as soon as 
the distant subscriber lifts his re¬ 
ceiver. Thus this supervision does 
not take up any part of the total 
available modulation percentage of 
the system during the transmission 
of speech. 

The carrier-relay is adjusted to 
operate approximately at the car¬ 
rier level where effective limiter 
action starts. The normal adjust¬ 
ment of the receiver level is about 
8 or 4 db above this point. The 
limiter action occurs at approxi¬ 
mately 28 db below the reference 
level of 1 milliwatt in 600 ohms 
(0.776 volt) or 40 db below the 
maximum transmitter level of + 17 
db, which corresponds to 60 milli¬ 
watts in 600 ohms (6.60 volts). 
These data refer to maximum gain 
setting of the receiver r-f control. 

This method of using the carrier 
to control the supervision relay 
makes it possible to obtain ex¬ 
tremely fast operation. The system 
in its present version permits op¬ 
eration of the supervision relays up 
to speeds of over 100 cps. 

Apart from the requirement of 
proper transmission of speech in 
either direction, a carrier system 
must provide suitable termination 
and supervision facilities. The 
proper termination can easily be ob¬ 
tained by means of a differential 
transformer or hybrid which, by 


proper balancing between the line 
and an artificial line, prevents the 
incoming received speech signals 
from energizing the outgoing trans¬ 
mitter and thus prevents feedback 
and oscillations. 

The supervision signals permit 
the operator at one end of the line 
to signal the distant operator when 
she wants to initiate or terminate 
a call or when she wants her to come 
in on an existing connection for fur¬ 
ther instruction (so called '‘recall”). 
They are also needed if 1-way or 
2-way dial operation is desired. The 
problem of providing proper super¬ 
vision is sometimes more tricky 
than that of obtaining the proper 
speech transmission. In the system 
described here, the presence or ab¬ 
sence of the carrier and its inter¬ 
ruptions are used for this super¬ 
vision. 

Risedews Toll Suporvltlos 

About the most common method 
of supervision on the toll lines op¬ 
erated by the independent telephone 
companies is the ringdown super¬ 
vision in which an a-c ringing cur¬ 
rent (generally 20 cps) is used for 
initiation of a call, for termination, 
and for recall. 

The exact method of obtaining 
the desired performance differs but 
in general the method of operation 
is as follows: 

A line relay is attached to both 
ends of the line when it is idle. 
Reception of ringing current will 
energize this relay and light a line 
lamp or other visual signal. A lock¬ 
ing arrangement keeps the lamp lit 
until it is restored, which happens 
when the operator plugs a cord into 
the corresponding line jack. This 
extinguishes the lamp or releases 
the visual signal; it also disconnects 
the line relay from the line by 
means of additional contacts on the 
line jack. 

The supervision is now taken 
over by a similar relay attached to 
the cord circuit If this supervision 
relay receives ringing current, it 
will light a cord lamp or operate a 
visual signal; another locking ar¬ 
rangement keeps the lamp lit or the 
signal operated until the operator 
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the receiver, and the other is made 
to the a-f output of the receiver, as 
shown in the circuit diagram. When 
the alarm is set off for any reason, 
the loudspeaker is automatically con¬ 
nected to the output of the receiver 
for aural monitoring until such time 
as the alarm system is reset by 
means of the reset switch. 

The alarm bell circuit is closed by 
relay S, when relay St releases. Re¬ 
lay 5i is energized by the plate cur¬ 
rent of the lower 6C5 tube in the 
diagram, and this current in turn is 


determined by the net C bias voltage 
of the tube. Three distinct voltages 
in series determine the C bias: 

(1) A fixed d-c voltage of 16 volts 
obtained from a C battery, making 
the grid negative with respect to the 
cathode. 

(2) The d-c voltage across the 
a.v.c. resistor (/2,) in the monitor 
receiver, utilized in such a way that 
it opposes the C battery voltage. 
When the carrier signal is present, 
the resulting voltage across Rt lowers 
the net C bias voltage, allowing 
enough plate current to flow through 
relay Si to energize this relay and 
keep the alarm circuit open. Con¬ 
versely, failure of the carrier opens 
relay Si and closes the alarm circuit. 

(3) The d-c voltage across the 
lower portion of potentiometer Ru 
utilized in such a way that it aids 
the C battery voltage. When a 1000- 
cycle tone signal is received, it is 
rectified by the upper 6C6 tube act¬ 
ing as a diode detector, producing a 
d-c voltage across JBi. This voltage 
aids the C battery voltage, increas¬ 
ing the net C bias and lowering the 
plate current of the lower tube, so 
that arrival of the 1000-cycle tone 
releases relay Si and sets off the 
alarm. 

Parallel resonant circuit Li-Ci is 
tuned to 1000 cycles, and hence this 
stage accepts only this one fre¬ 
quency. A 25 fd electrolytic con¬ 


denser across the lower portion of Ri 
provides a time delay of about 5 
seconds at this frequency, thus pre¬ 
venting strong 1000-cycle compon¬ 
ents in a program from setting off 
the alarm. 

The parallel resonant circuit should 
be tuned quite accurately. This can 
be done by connecting a d.c. volt¬ 
meter across Ri, feeding a 1000-cycle 
tone to the input of the upper 6C6 
stage, and adjusting the value of Ci 
above and below 0.004 /*f with small 
mica condensers until a maximum 
voltmeter reading is obtained. 

An ordinary plate-to-grid audio 
transformer is used for Ti, and T, is 
a standard replacement power trans¬ 
former providing the indicated vol¬ 
tages. 

Relay 5, can have a coil resistance 
of about 10,000 ohms, and should op¬ 
erate on a change of about 0.003 
amp. Relay S» is a 110-volt a-c unit 
having a four-pole, single-throw 
contact arrangement. 

Adjustment of the system is sim¬ 
ple. With a carrier signal present 
and with the system connected to the 
receiver as shown in the diagram, 
turn up control Ri until the alarm is 
set off by program peaks. Now lower 
the setting of this control a small 
amount and press the reset button, 
repeating the procedure until the 
alarm is no longer set off by program 
peaks. 


Frequency Deviation Measurement of 

F-M Transmitters 

The frequency deviation can be determined by noting the constant amplitude modulating 
frequencies for which the carrier disappears. A graph relating the frequency deviation with 
the modulating frequency for zero carrier simplifies this calculation 

By L. i. NOLLAHB aid L J. 6IAC0LETT0 


F rom the theory of frequency 
modulation it is known that the 
generation of a frequency-modulated 
signal produces a carrier and side 
frequency terms. For a sinusoidal 


modulating signal, the amplitude of 
the carrier is directly proportional to 
J.(.Z) where J»(Z) is the Bessel 
function of zero order and argument 
Z. The argument Z is usually called 


the modulation index and is defined 
by 

Z = ( 1 ) 

where /, is the carrier frequency, 
m/. is the frequency deviation to 
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either side of the carrier, and /, is 
the modulating frequency. The Bes¬ 
sel function, J„(Z), goes through 
variations having a close resem¬ 
blance to a damped cosinusoidal 
function as is shown in Fig. 1. For 
certain values of Z, the carrier goes 
through zero or null points. The 
values of Z for which jJiZ) = 0 are 
denoted by Zi and are tabulated in 
Table I.* If the point at which the 
carrier disappears is known, the 
frequency deviation can be found 
because at this point 

m/o = ZJ, (2) 

There must also be known the order 
of the zero, that is, the value of t. 

In order to use this method of 
frequency deviation measurement, 
there is first required an audio sig¬ 
nal generator with a calibrated out¬ 
put. This generator is connected to 
the transmitter a-f input. A selec¬ 
tive a-m type receiver capable of re¬ 
ceiving c-w signals is used to ascer¬ 
tain the presence of the carrier. In 
order to make the measurements, 
reduce the transmitter a-f input to 
zero and tune in the carrier on the 
receiver obtaining an audible beat 
or heterodyne note. Slowly increase 
the transmitter a-f input (analog¬ 
ous to increasing m in Eq. (1)). 
The audible beat note should grad¬ 
ually decrease in intensity and fin¬ 
ally disappear entirely when the 
amplitude of the carrier reaches 
zero. At this point the frequency 
deviation is m/o = 2.405 If the 
a-f input is again increased, the car¬ 
rier beat note will return, increase 
to a maximum, decrease, and again 
disappear. For the second null point 
the frequency deviation is m/„ = 
5.520 /,. 


TABLE I 


1 

z< 

1 

Zi 

1 

2.4048 

11 

33.7759 

2 

S.5201 

12 

39.9171 

3 

8.0537 

13 

40.0534 

4 

11.7915 

14 

43.1999 

5 

14J309 

15 

49.3412 

I 

19.0711 

19 

49.4929 

7 

21.2119 

17 

52.9241 

• 

24.3525 

19 

55.7955 

9 

27.4935 

19 

59.9070 

10 

30.0349 

20 

92.0495 


* If additional mrot art deifred, not# that 
the difference approaches r units as i In¬ 
creases. 


In general, the receiver will not be 
selective enough to admit the carrier 
alone, but will admit the carrier and 
several of the side frequencies. For 
this case if the receiver is tuned to 
give an audible beat note, it is 
quite possible that there will also be 
heard the frequencies A rt 2/, 
db etc. This may lead to some con¬ 
fusion in determining when the 
carrier disappears. Considerable im¬ 
provement can be obtained by intro¬ 
ducing a low pass audio filter be¬ 
tween the receiver output and the 
speaker or headset. The filter should 
be designed to admit /• and to at¬ 
tenuate the other frequencies. If the 
cut-off frequency for the filter is 
chosen as ft then A must be greater 
than 2/«. in order that the other 
heterodyne notes fall outside of the 
filter pass band. 

In order to facilitate the measure¬ 
ment of frequency deviation, the 
chart has been prepared. The radial 
lines are a plot of £q. (2) (the 
dashed curved lines are used with 
another method of measuring devia¬ 
tion described below). Each radial 
line when numbered counterclock¬ 
wise corresponds to the value of i 
in Table I. As an example of how 
the chart may be used, suppose that 
the modulating frequency is 5 kc. 
The deviation when the carrier dis¬ 
appears for the first time is found by 
following along the lower edge of the 
chart to the 5-kc ordinate and mov¬ 
ing upward along this ordinate until 
it intersects the first radial line. 
The deviation, 12 kc, is read from the 
scale on the left For the second null 


point continue upward along the 5 kc 
ordinate to the second radial line 
where the deviation is found to be 
27.6 kc. In this manner the devia¬ 
tions may be determined for suc¬ 
cessive null points. 

The above method of measuring 
deviation follows closely the method 
described by M. G. Crosbyt A 
slightly different method has been 
used by the authors with success. 
For this method the a-f input is held 
constant and the modulating fre¬ 
quency varied. If this is done, the 
carrier will disappear for several 
values of A* Any two successive 
modulating frequencies which cause 
the carrier to disappear will uniquely 
determine the frequency deviation. 
Suppose in this method that a modu¬ 
lating frequency of 7.8 kc gives a 
carrier null, and the frequency is 
decreased until another null is ob¬ 
tained with a modulating frequency 
of 5.0 kc. Then the intersection point 
of the ordinate at 7.8 kc (upper fre¬ 
quency) and the dashed curve at 5.0 
kc (lower frequency) indicates a fre¬ 
quency deviation of 43 kc. The inter¬ 
section point of the lower and higher 
frequency must always fall on a 
radial line. Also the interpolation 
between the dashed curves for lower 
frequency values is linear along any 
radial line. 

While these methods of frequency 
deviation measurement are basic in 
that they are independent of all cir¬ 
cuit parameters, they have certain 


t Murray 0. Croaby, Method of MeoKur- 
1^ Frequency Deylation/' ffCA ffeviaio, Vol. 
IV, pp. 478-477, April 1940. 
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shortcomings which limit their use¬ 
fulness. First they presuppose a lin¬ 
ear relation between input voltage 
and frequency deviation. A depart¬ 
ure from linearity means that the 
carrier null points are no longer null 
points but minimum points. If the 
departure from linearity is very 
serious, it may be impossible to de¬ 
tect even a carrier minimum point. 
The carrier frequency must also re¬ 
main reasonably constant If the 
carrier frequency changes consider¬ 
ably as the input level or modulating 
frequency is changed (depending on 
which method is being used), no 
carrier null points will be obtained. 
Even a small change in carrier fre¬ 
quency may be bothersome in that 
the carrier heterodyne note will 
change, possibly to such an extent 
that the heterodyne note will move 
outside of the filter pass band. For 
this reason the filter cut-off fre¬ 
quency should not be too small. Also 
for this reason the modulating fre¬ 
quency should be kept at as large a 
value as is feasible so that the car¬ 
rier heterodyne note will never be 
confused with the sideband hetero¬ 
dyne notes. In this connection, from 
the nature of the carrier zeros, it 
will be necessary to decrease the 
modulating frequency for measuring 
smaller deviations. This factor must 
be given additional attention when 
making measurements on mobile f-m 
transmitters where the maximum 
deviation is usually only 15 kc. A 
filter with lower cut-off may prove 
useful in such cases, and the re¬ 
ceiver should be returned to the 
same note if the carrier shifts. 

In using the first method for mak- 



Flg. 2—Graph ralotlBg iraqueaqr dsvIcrtloB of i-m 
Iranmitlor ond medolotlBg Iroquoncy for loro corrlor 

ink deviation measurements, care On the other hand the second method 
must be taken to count every null is useless when there is appreciable 
point. If a null point is overlooked variation of deviation with audio 
the deviation measurements will be frequency. Such a situation will 
incorrect. The second method is an arise in any transmitter if either 
improvement in this respect since audio pre-emphasis or uncorrected 
the deviation is uniquely determined, phase modulation is present. 


Ufing Phone Line for Remote Indicotion of 

O vermod ulotion 


The simple circuit arrangement in 
Fig. 1 permits one modulation moni¬ 
tor unit to provide indications at 
both transmitter and studio of a 
radio station. 


ly ALVIN LEEMAN 

The output of the modulation mon¬ 
itor at the transmitter location is 
fed to a d-c relay arranged to close 
its ccmtacts on overmodulation. The 
studio-transmitter order line and 


ground provide a complete circuit 
for these relay contacts to the grid 
circuit of a gas triode at the studio 
Closing of the contacts lowers the 
bias on the tube enough to oiergise 
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Fig. 1—Ovtrmodulatlon Indicator drcult 
and phono Uno connoctlont. Ordlnoiily 
only tho modulation monitor will bo con- 
noctod to tho tronomlttor ond of tho Hno 

the relay or lamp in the plate circuit 
and give the desired indication. 

The center-tapped resistor across 
the phone line at each end should 
be made high enough in resistance to 
prevent it from affecting normal use 
of the telephone line. Satisfactory 
operation can be obtained with less 
than 1 ma of relay current in the line 
circuit. 

As some of the compressor types 
of program ampliherB also have fa¬ 
cilities for operating relays at some 
predetermined level, they can be used 
in place of the modulation monitor, 
or the contacts of the relays of each 
unit can be connected either in 
parallel or in series to indicate a 
predetermined program condition. In 


parallel, either the modulation moni¬ 
tor or the program amplifier can pro¬ 
duce an Indication at the studio. In 
series, the relays of both monitor and 
amplifier must operate to give a stu¬ 
dio indication. 

In adjusting the device for opera¬ 
tion, first see that the relay contacts 
at the transmitter end of the order 
wire stay open. Decrease the bias 
voltage at movable contact A until 
the relay or lamp in the plate circuit 
of the 886 tube is energized, then 
increase the bias voltage until the 
relay or lamp is no longer energized. 
Increase the bias slightly more so 
that induced voltage on the telephone 
line will not operate the indicator. 

For the adjustment of J?, close the 
relay contacts at the transmitter end 
of the order wire and move sliding 
contact B toward the negative side 
of the voltage divider until the relay 
or indicating lamp is deenergized, 
then move this contact toward the 
positive side until the relay or lamp 
is again energized. Slide the contact 
a little further in the same direction 
so that positive operation of the de¬ 
vice is assured. 

In the circuit as shovm in Fig. 1, 
the relay in the plate circuit of the 
885 tube will operate as a buzzer- 
type indicator. A 2-/if capacitor 
across the relay coil will cause this 
relay to operate as a straight relay. 



Fig. 2—AltaraotlT* studio circuit lor pro¬ 
viding both pook and ovormodulotlon In¬ 
dications. Tho SO-mI capodtor provonis 
tho ovormodulotlon roloy Irom oporating 
on momontary pooks 

however, and its contacts can then be 
used to make or break other circuits 
as desired. 

For those desiring to use a neon 
bulb as a peak indicator and a lamp 
or buzzer as an overmodulation indi¬ 
cator, the arrangement shown in Fig. 
2 can be used. The overmodulation 
indicator then operates only when 
the modulation monitor relay re¬ 
mains closed an appreciable period 
of time due to sustained loud tones, 
applause or other causes of over¬ 
modulation. The 20,000-ohm rheo¬ 
stat is used to vary the period of 
time between the moment the neon 
lamp lights and the relay closes. This 
gives an indication of average peaks 
and a warning when the program 
level has been materially increased. 


Speech Scrambling Methods 

Complete data on a frequency-inverter circuit that scientifically scrambles a human 
voice for purposes of secrecy in transmission. The same circuit may be used for 
unscrambling speech at the receiver. Five band-splitting methods that combine 
with inversion to insure even greater privacy are also taken up 


In communication over ordinary 
tel^hone circuits, tiie instantaneous 
amplitudes and frequencies of the 
electric waves transmitted corres¬ 
pond to the instantaneous amplitudes 
and frequencies of the various sound- 
pressure waves making up articulate 
speech. These speech waves are in- 
tolUgible only wh«i the fundamental 


ly WILLIAM W. lOIEITS 

frequency components and their as¬ 
sociated harmonics or overtones are 
transmitted so that the correct rela¬ 
tive amplitudes and phase relation¬ 
ships are not too greatly changed. 
Therefore, any operation which al¬ 
ters these conditions materially will 
make it impossible to detect the 
transmitted waves as intelligitde 


speech until the approximate correct 
relationships have been restored. 

In straining ordinary speech 
through the medium of scrambling, 
the frequencies of each of the com¬ 
ponents of speech currents are 
changed in such a manner that, al¬ 
though the changed speech currents 
will occupy the same frequency 
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range as that of the original speech, 
the essential relationship for intelli¬ 
gibility’ will have been destroyed. 

FroqsMcy iavorsioa 

One of the simplest ways of 
scrambling the human voice is by 
means of frequency inversion. In 
this method, a device known as the 
speech inverter virtually turns a per¬ 
son’s voice upsidedown, much as the 
lens of a camera inverts the image 
of an object in the field of vision. 
Everyday English becomes as unin¬ 
telligible as a strange foreign lan¬ 
guage, with seemingly no apparent 
relation to the original speech. Yet 
this same incoherent jargon may be 
restored to normal by a similar proc¬ 
ess of inversion. 

In creating inverted speech, nor¬ 
mal voice frequencies are caused to 
modulate in a well known manner a 
constant audio frequency (inverting 
frequency) to produce frequencies 
which are combinations of the speech 
frequencies and the inverting fre¬ 
quency. These frequencies will in¬ 
clude an upper and lower side-band 
which are, respectively, the invert¬ 
ing frequency plus the voice fre¬ 
quencies and the inverting frequency 
minus the voice frequencies. If the 
inverting frequency is just above the 
highest essential voice frequency, it 
will be obvious that the lower side¬ 
band will be an inverted picture of 
the original input voice frequencies, 
so that the low frequencies become 
highs, and the high frequencies be¬ 
come lows. 

Using an inverting frequency of 
SOfiO cycles, as is the case in most 
apparatus developed before the war, 
an input frequency of 200 cycles 
will b^ome SOOO minus 200, or 2800 
cycles in the differ^ce frequency 
band. A 2600-cycle input would be¬ 
come 500 cycles, and sJl other Input 
frequencies will correspondinidy be 
inverted. The upper side-band is 
representative of the original input 
frequencies raised up in the spectrum 
by the value of the inverting fre¬ 
quency. In actual practice of secret 
telephony, this upper side-band is 
attenuated by filters and only the 
inverse frequency band is us^ for 
transmission. 


It is rather difficult to describe the 
discordant nature of inverted speech, 
but anyone who has listened to the 
confused mumble-jumble of a phono¬ 
graph disk reversed will get a fair 
idea of the type of meaningless 
sounds produced. The low frequen¬ 
cies of speech are transformed into 
high-pitched squeaks, while the highs 
and over-tones present in the voice 
produce a succession of low gutteral 
noises. 

On listening to certain words 
spoken through the inverter, it is 
possible in some instances to pro¬ 
nounce them. For example, the 
words “telephone company” when 
translated by an inverter sound 
something like “playafiend crinkan- 
ope”. 

The inversion of music results in a 
jangling of tones which are particu¬ 
larly amusing. This process will 
mutilate the most beautiful sym¬ 
phony so that it is completely lacking 
in structure and composition. In¬ 
creasing-pitch notes of music be¬ 
come decreasing-pitch notes in the 
inverse frequency band and vice 
versa. 

Inverted speech has long been em¬ 
ployed on the trans-oceanic telephone 
circuits to provide a limited amount 
of privacy against eavesdropping by 
short-wave radio listeners. For a 
higher degree of secrecy on some of 
the more important telephone links 


carrying diplomatic calls and such, a 
form of garbling more commonly 
known as band-splitting has been 
employed. 

Speech leverter Clreeit Theery 

Figure 1 illustrates a fundamental 
circuit for one type of speech in¬ 
verter. The same circuit is applicable 
for both scrambling and unscram¬ 
bling. It is essentially a Hartley 
balanced modulator or demodulator 
in which a pair of triodes are con¬ 
nected to produce certain frequencies 
and to suppress certain other fre¬ 
quencies. 

The term /, is representative of 
voice currents, as from an ordinary 
telephone set, and represents a band 
extending from 200 to 8000 cycles, 
which is considered adequate for 
good communication, measured in 
terms of satisfaction given to tele¬ 
phone subscribers. The term /. indi¬ 
cates a sustained high-frequency car¬ 
rier or inverting frequency. The 
impedances Z„ Z, and indicate the 
voice frequency source, inverting fre¬ 
quency source and the output line 
impedance, respectively. 

Since the inverted speech will oc¬ 
cupy the same frequency range as 
the original speech, but in reverse 
order, it is essential for complete 
privacy that these original voice cur¬ 
rents ft do not appear across the out- 
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put line impedance Zi,. Since the in- 
verting frequency is near but higher 
than the highest essential voice fre¬ 
quency, it is essential that it, also, 
does not appear across the output 
impedance 

These results are secured to a 
high degree with the type of bal¬ 
anced modulator shown, producing 
certain frequencies which are com¬ 
binations of the voice frequencies 
/. and the carrier frequency but 
suppressing the unmodified fre¬ 
quencies which are the impressed 
waves uncombined with each other. 

The frequencies produced are the 
upper and lower side-bands, /r-h/. 
and which are respectively the 

inverting frequency plus the voice 
frequencies and the inverting fre¬ 
quency minus the voice frequencies. 
It will be seen that the upper side¬ 
band /. t /, is the original voice fre¬ 
quency band raised up in the spec¬ 
trum .by the value of /*,. The lower 
side-band /c—is an inverted ver¬ 
sion of the original voice frequencies, 
occupying the same position in the 
spectrum but in reverse order. High 
notes then become low notes, and 
lows become highs. 

While the process of modulation 
is merely a side show in scrambling, 
an analysis of the interaction of cur¬ 
rents to produce sum and difference 
frequencies will be interesting. 

The current in the output of a 
three-electrode vacuum tube is as¬ 
sumed to be capable of representa¬ 
tion by a power series having as an 
independent variable the voltage im¬ 
pressed upon the input circuit. That 
is, Ii, the output current from one 
such tube due to an input voltage Vu 
may be completely represented by 
7, = avx -f bv,* -h cvx* -f ... in which 
a, b, c, etc., are constants depending 
on the tube characteristics. If another 
tube having essentially the same con¬ 
stants, a, b, c, etc., be used, the out¬ 
put It from this tube, due to a sim¬ 
ilar impressed wave, will be substan¬ 
tially It = avx H- bvi* -H cv/ . 

It is found in practice that all 
terms in this series after the second 
power term bv* may be neglected for 
most purposes. It is also obvious that 
the first term, which simply repre¬ 
sents the amplifying property of the 
tube without any frequency modifi¬ 


cation, plays no part in the modula¬ 
tion process. The property repre¬ 
sented by the square term bvj®, how¬ 
ever, is commonly made use of for 
effecting the modulation of one in¬ 
put wave by another. 

Since one object of using a bal¬ 
anced modulator is to suppress un¬ 
modified frequencies, the two tubes 
are connected with respect to the 
unmodified waves so that the un¬ 
modified wave from one tube is neu¬ 
tralized by that of the other tube, 
as shown in Fig. 1. The unmodified 
frequencies are fed into the grids of 
Vi and Vt in push-pull. The plates 
form a parallel output circuit by 
means of the substantially zero re¬ 
actance connection. With this ar¬ 
rangement the input wave im¬ 
pressed on one tube is reversed in 


sign relative to that impressed on 
the other, so that the two waves have 
a phase difference of 180 deg. and the 
output currents are added. This 
produces the result desired, as indi¬ 
cated in the following equation in 
which the relatively unimportant 
higher power terms are neglected. 

7i * o*>i -1- W 
Zi — <Wi -f hv\* 

/i + 7, * 2 W 

The completeness of this action is 
dependent, however, upon the tubes 
being identical as to the properties 
represented by the constants a and b 
in the equation, and it is also de¬ 
pendent upon the current h being 
completely added to the current 7,. 
The addition of the two output cur¬ 
rents represents in part really the 
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cancellation of the undesired com¬ 
ponent represented by the first ppwer 
term av,; therefore, if the current 

from the first tube is exactly equal 
to h but if the adding function does 
not completely involve both U and is, 
there will be a residue of the com¬ 
ponent avr appearing across output 
transformer T*. 

Across the secondary of Tx is a 
variable resistance Rt, with the ad¬ 
justable contact going to the common 
ground or cathode connection. A 
variable capacitor Cj is connected in 
shunt with one half of the secondary 
winding. The purpose of this is to 
compensate for any inequalities in 
the two halves of the secondary wind¬ 
ing and to secure a symmetrical bal¬ 
ance of the two sides of the circuit 
with respect to ground. 

The two tubes V', and Vn should 
be carefully selected to have as far 
i\A poa.«!ible identical characteristics. 
Thi.s is important, as has already 
been pointed out in connection with 
the above equations. 

Potentiometer i?, is for adjustment 
of the amplitude of the inverting 
freciuency which must be large in 
comparison with the ft input voltage. 

In actual practice there would be 
included a suitable wave filter con¬ 
nected to impedance Z, for selecting 
the inverted side-band. 

Complafa Speech Inverter Cireeit 

Figure 2 shows a complete sche¬ 
matic of the speech inverter shown 
in the photograph.^. The unit is com¬ 
plete with power supply and a 
low-pass ?n-derived filter. Two high- 
impedance input circuits are pro¬ 
vided so the unit can be used in 
conjunction with two short-wave 
receivers for unscrambling trans¬ 
oceanic telephone conversations. Two 
receivers are necessary if one wishes 
to hear both sides of a conversation. 

The output impedance is 500 ohms 
looking directly out of the low-pass 
filter. The two output jacks permit 
using two pairs of 25D-ohm imped¬ 
ance headphones connected in series. 

The 6C5 input amplifier is really a 
mixer stage to couple the outputs of 
two radio receivers to the modulator 
input transformer T,. This trans¬ 
former plays an important role in 


the circuit and should be carefully 
chosen. The Amertran Type D-21 
was found to be satisfactory. It can 
be seen mounted near the top of the 
panel in the rear-view photograph. 

In brief, to supply the grids of the 
tw^o modulators with voltage at dif¬ 
ferent frequencies that are exactly 
180 deg. out of phase and of equal 
amplitude is an ideal condition hut 
is difficult to attain in practice* A 
perfect balance obtained for one 
frequency will not be a perfect bal¬ 
ance at another frequency. 

The transformer used for Ti must 
have low distributed capacitance and 
low capacitance between windings, 
and the center tap on the secondary 
cannot be taken from within a wind¬ 
ing. Two leads must be brought out 
from separate sections of coils to 
provide magnetic and inductive bal¬ 
ance. 

Since we cannot have an ideal 
transformer, the controls Rr and C 
are provided to compensate for any 
inequalities present. The function of 
Rs is to provide for balancing the 
plate currents of the two 6C5 modu¬ 
lators. All these controls are used to 
balance out of the output circuit the 
incoming speech waves and the in¬ 
verting frequency from the 6C5 oscil¬ 
lator. They can be seen as the three 
small knobs across the bottom in the 
front-view photograph. Preliminary 
balancing can be aided by careful 
selection of the two 6C5 modulators 
and by interchanging them during 
the process of balancing. The half 
of the secondary across which capac¬ 
itor C, must be shunted can only be 
determined by experiment. 

Transformer is a standard 
plate-to-Iine transformer, and any 
good make will serve the purpose. 

The low-pass filter is of the wi-de- 
rived type to provide for suppression 
of the upper side-band produced by 
modulation. The filter is calculated 
with the following characteristics: 
/. = 2810; 3620; R„ = 477; 

m = 0.63. 

The construction of the filter 
should be undertaken with the fol¬ 
lowing points in mind. It is essen¬ 
tial that the a-c resistances of the 
various coils be kept as low as pos¬ 
sible if sharp discrimination between 
the unwanted frequencies and the 


pas.s fretiuencies is to be obtained. 
Honeycomb coils may be used for the 
inductances since the values in this 
case are not very high. Choose coils 
of greater inductance than the 
values given, and remove turns while 
checking with an inductance bridge, 
until the desired value is obtained. 

The capacitors can be a paper di¬ 
electric type because of the relatively 
low frequencies involved. The odd 
values given for Ce and Ct can be 
stacked up from a number of stand¬ 
ard capacitors in parallel to provide 
the correct capacitance. 

The inductances should be treated 
with wax or other moisture-resisting 
material. The individual inductances 
should be shielded from each other 
or spaced by their own diameter and 
placed alternately at right angles. 

The 6C8 amplifier i.s perfectly 
.straightforward and is for amplifi¬ 
cation of the inverting frequency 
from the 6C5 oscillator. A fixed value 
is shown for /Ju, but it might be well 
to use a standard volume control in¬ 
stead to provide for relative adjust¬ 
ment of the amplitudes of the in¬ 
verting frequency and incoming 
speech frequencies. 

The frequency from the 6C5 oscil¬ 
lator is controlled by means of a 
variable resistance and capacitor in 
series. The control is the large dial 
shown on the front of the panel. The 
values of the various components 
comprising the oscillator circuit have 
been chosen so that a frequency of 
8000 cycles is provided with the con¬ 
trol near the center position. A 
Wien bridge or any other well-known 
type of oscillator may be used for 
supplying the inverting frequency. 

Because of the close proximity of 
the component parts of the inverter, 
hum pickup is reduced by isolating 
power transformer T 4 > This trans¬ 
former is mounted externally in a 
small can and made a part of the 
line cord. 

In operation, the inverter may be 
used for both scrambling and un* 
scrambling. If desired, two units 
may be placed at either end of a two- 
way circuit with the usual balanced 
hybrid coils, to provide a complete 
privacy system for two-way tele¬ 
phone communication. 

To secure privacy of speech by 
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FIG. 3—Basic bond-splitting orrongsmsnt lor incroased prWocy in radiophons com> 
munication. Tho band liltors dlvido ossontial voles irsgusncist into tour, equal bands of 
width b« with f bslr.g the lowest essential voice frequency. Two oscillator frequencies 
are ovailable lor each copper-oxide modulator to provide speech inversion. The output 
of eoch modulotor may be led to either ol two filters# one possing the upper and the 
other the lower sideband# thus providing mony possible arrangements 


means of band splitting, the speech* 
frequency band is divided as to fre¬ 
quency into a plurality of sub-bands, 
some of which may be transmitted 
without modification# Others first 
have their frequency order inverted 
and are then transmitted along with 
the unchanged sub-bands, or, if de¬ 
sired, each of the sub-bands may be 
inverted before transmission. 

It is preferable in this type of 
secrecy system that the frequency 
width of each of the sub-bands be 
kept narrow enough so as to be in¬ 
capable of reproducing understand¬ 
able speech by itself. The maximum 
width of a sub-band must not exceed 
certain limits because of the large 
amount of intelligibility that would 
hundred cycles wide, especially if 
this portion were chopped out of the 
spectrum in the neighborhood of 
1000 cycles. 

The number of sub-bands into 
which the voice frequency band is di¬ 
vided is dependent on the degree of 
privacy required. The greater the 
number of sub-bands, the greater the 
number of transposition combina¬ 
tions that are possible. 

The combination of transposition 
and inversion of the various sub- 
bands is accomplished by suitable 
modulation processes. By using bi¬ 
lateral modulators, the same ap¬ 
paratus may be used for retranspos¬ 
ing and reinverting the sub-bands of 
a speech band that has been rendered 
unintelligible in the manner de¬ 
scribed. 

Clrcvlt 

Figure 3 represents schematically 
a band-splitting privacy system. The 
normal speech currents are derived 
from the line L^ and impressed on 
the sub-band filters F., F„ F., and F 4 . 
These filters serve to divide the 
speech currents into four equal sub¬ 
bands which may each have a width 
of h cycles. For instance, filter F, 
will pass a range of frequencies / to 
/ -f- 6 , where / is representative of 
the lowest essential voice frequency 
necessary for transmission. 

Each input filter is connected to 
supply selected voice currents to four 
separate modulators Af,, ilf«, and 
These are bilateral modulators 


of the double balanced copper-oxide 
type, shown in detail in the case of 
Each modulator is e.ssentially a lattice 
network having a copper-oxide recti¬ 
fier unit in each of the series and lat¬ 
tice arms, and two transformers each 
having two windings, one winding of 
each transformer being connected 
across one of the two sets of termi- 
als of the network, and the source of 
carrier current for modulation witli 
the voice frequencies supplied to the 
other windings of each transformer 
being connected across the mid¬ 
points of the first two windings. 
However, any of the other known 
types of bilateral modulators may be 
used, such as the balanced modulatoj 
shown in Fig, 38, p. 560 of Radio En 
gineering Handbook*. 

The carrier frequencies suppliec 
to these modulators are so chosen 
that the sub-bands may be trans¬ 
posed with respect to each other in 
various combinations. 

The outputs of each of the four 
modulators may be variously con- 


• nditeO by K. U(*uney. McOrair JIiU Ituuk 
evi., A^nr Vorlk i8. .V. 


nected to the output band filters F., 
Fo, Ft, and Fi, as shown in Pig. 8 . 
These output band filters have exactly 
the same cut-oif limits as indicated 
for the input band filters. 

By shifting the connections of the 
modulators to output filters and em¬ 
ploying various carrier frequencies, 
we alter our different combinations 
f transposition and inversion of sub¬ 
bands. 

TraRspaiitipH !■ Baad SpHHiiig 

Transposition of sub-bands with 
and without frequency inversion is 
shown in the schematic by the solid¬ 
line connections between modulators 
and output filters. The necessary 
carriers are provided when the mod¬ 
ulator switches are in position 1 . 

In the case of the dotted-line con¬ 
nections and the carrier switches in 
position 2 , each of the sub-bands is 
inverted as well as displaced. 

With reference to the solid-line 
connections and the carrier switches 
in position 1 , if a carrier current c 
is supplied to Af„ with input fre¬ 
quencies of / to / -f 5, there will be 
produced a lower and upper side- 
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band, namely c—/ to and 

(?+/ to c-^f+b. The range of fre¬ 
quencies c 4 */ to c-f /+6 is the orig¬ 
inal band / to /+b raised up in the 
spectrum by the value of c, and cor¬ 
responds to the sub-band of the 
original voice band extending from 
/-fb to /-f 2 b. This range of fre¬ 
quencies can then be selected by filter 
Ft and transmitted to the output cir¬ 
cuit Ls. The action of modulators 
Mt and Aft in this case would be sim¬ 
ilar to that of Ml, 

The original voice sub-band /-{-3b 
to /+4b from filter Ft is displaced 
down in the spectrum to a position 
occupied by the original voice sub¬ 
band / to /-l-b. Here, in addition to 
being displaced, the frequency orders 
of the speech components are in¬ 
verted, as will be seen by the follow¬ 
ing action. 

With input frequencies of /+3b 
to /+4b and a carrier of e+St ap¬ 
plied to the modulator 3 / 4 , there will 
appear in the output the side-bands 
c+Sb+Z-f-Sb to c-f8b-{-/-|-4b and 
c+Zb-(f+Zb) toc-h3b-(/+4b). 

It will be seen that the lower side¬ 
band, c-f‘3b—(/-f“3b) to c-{-3b— 
(/-!-4b), is an inversion of the orig¬ 
inal input frequencies /-l-3b to /-}-4b 
which now occupy the position of the 
original voice sub-band / to f+b. 

It will be noted in the arrangement 
of this apparatus that by shifting 
the connections of the filters and car¬ 
riers in various combinations from 
time to time in such a manner that 
corresponding combinations are 
simultaneously employed at the two 
terminals of a receiving circuit at 
the same time, it will be extremely 
difficult for an unauthorized listener 
to obtain an intelligible message. 

Shifting from one combination or 
scheme of interrelation to another 
can be accomplished by switching 
relays under control of timing cams 
associated with an accurately con¬ 


trolled driving means to provide ad¬ 
ditional secrecy. 

The use of bilateral modulators al¬ 
lows the transmitted and received 
waves to pass in opposite directions 
through the same privacy apparatus, 
to produce a scrambled message for 
transmission or to unscramble a mes¬ 
sage from a received secret wave. 

AffenuotioM wlfli lend Splitting 

Another type of privacy system 
proposed is an arrangement whereby 
the speech band is divided into a 
plurality of sub-bands, as by filters 
Fi to Fi of Fig. 8 . Each sub-band 
is then subjected to different degrees 
of attenuation before transmission 
instead of being displaced by modu¬ 
lation. Accordingly, when the voice 
is transmitted it will be so distorted 
as to be practically unintelligible. To 
restore the voice to normal at the 
receiving station, the sub-bands of 
the voice are again subjected to un¬ 
equal degrees of attenuation, so that 
all of the sub-bands will be attenu¬ 
ated to the same degree and the dis¬ 
tortion removed. 

PhoM Shift with laad Splitting 

Still another arrangement for 
secret telephony is to alter the order 
of occurrence of the various fre¬ 
quency components of speech. Briefiy, 
this is accomplished by taking the 
subdivided waves, as from filters 
Ft to Ft of Fig. 8 , and producing a 
phase or time shift in some of the 
sub-bands with respect to others be¬ 
fore transmission. This phase shift 
is produced by the use of a storage 
device such as the telegraphone. The 
various sub-bands are then recom¬ 
bined and transmitted, or they may 
first be shifted to a different fre¬ 
quency level and then transmitted. 
At the receiving end employing this 
system, the various sub-bands are 


again separated by filters, and such a 
phase shift is made in the individual 
sub-bands as is necessary to repro¬ 
duce the normal speech waves. 

Vorloble Inverflsg Pregeency 

Still another arrangement is one 
that the writer built and patented in 
1939^. In this arrangement, the 
speech was scrambled as in the proc¬ 
ess of Fig. 3. Then, to destroy the 
limits or boundaries between the 
plurality of sub-bands, the combined 
frequency bands were inverted by a 
modulator in which the inverting 
frequency was caused to vary cyclic¬ 
ally in an irregular manner. The 
varying inverting frequency, com¬ 
bined with a complex scheme of vari¬ 
ation, provided a high degree of se¬ 
crecy. It can be seen that in accord¬ 
ance with such a principle, it would 
be practically impossible for an un¬ 
authorized listener to separate the 
individual sub-bands as their fre¬ 
quency limits would never remain 
fixed in the spectrum. To separate 
the individual sub-bands it would be 
necessary to know the inverting fre¬ 
quency at any instant and the com¬ 
plex manner in which it varied. 

Let us assume that the inverting 
frequency varies cyclically in any de¬ 
sired manner between the limits r 
and c-fd, where d varies between 
zero and a predetermined limiting 
value. If the speech frequency band 
as a whole, such as from L of Fig. 8 , 
is represented by s and if the invert¬ 
ing frequency is modulated by these 
speech frequency cwrents. the re¬ 
sulting components will be of fre¬ 
quencies c-fd-s and c-f-d-f-s. The 
lower side-band c-f d—a would be the 
one selected for transmission. 

The receiving station cooperating 
with such a system would use sub¬ 
stantially the identical means used 
for transmitting but in reverse. 

• U. s. patent Xo. 2,301.455 
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Automatic Control Circuits for Broadcast 

Transmitters 

Four manpower-saving electronic circuits for transmitters, providing protection against 
arcs during storms, automatic restoration of the carrier after an overload, automatic 
starting after breakdown, and automatic timing of each carrier interruption 

By W. R. SLOAT 

It is the purpose of this article to Under certain conditions, radio- cated type, usually difficult to handle, 
present four automatic devices, frequency arcs become established balances out-of-phase components of 
three of which were designed by the at a transmitting antenna by elec- the r-f energy in one stage or the 
author and the fourth, the carrier trie storms or static discharges and transmission line against that in 
restoring device, by the transmitter are sustained by the transmitter the preceeding stage. Another 
staff of WABC under the supervision output. These arcs may be of in- method, applicable only to a case 

of Mr. R. W. Newby. All have been sufficient magnitude to operate the where the arcs occur repeatedly at 

in use at KMOX for some time, transmitter overload relays, although the same point, uses a phototube to 
giving excellent service. capable of damaging parts of the actuate the system. A third method 

The four devices are independent equipment. Two methods of stopping uses the arc itself as a conducting 
of one another, and each self-suffi- these arcs are momentarily cutting path for relay current, 
cient for its purpose. Collectively the carrier or reducing the output A fourth method, in use at KMOX, 
they provide comprehensive and of the transmitter to a point where is one operating directly from a 
measureable improvement in station it will not maintain the arc. portion of the radiated carrier 

dependability. All contain only small Initiating devices to achieve one power. It can be used with low-level 

standard components that are ordi- of these methods fall into several modulated transmitters without any 
narily at hand. classes. One comparatively compli- restarting equipment. An independ- 



TIQ, 1—If oa r4 arc baconiM •sfabllthad and is tuitalnad by tha trcmsinlttar output without drowing oaou^ curront to ^trip 
pvorlocid ialOfB, thit ecirrior<ictucitod protoctlvo circuit outomatIcoUy roducot tho tronsmittor output momontorUv to cdxmt IS 
porcont of normol to klU tho arc. If ItT? it inhoronllv onough. tho intorlock with JRYi may bo omittod 
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ent restarting device, having no 
tubes and only one relay, can be 
used in conjunction with the device 
for protecting high-level systems. 

The circuit of the KMOX carrier- 
protective device for low-level sys¬ 
tems is shown in Fig. 1. The in¬ 
strument is controlled by carrier en¬ 
ergy picked up by a short antenna 
and fed to the diode section of the 
117L7. The diode develops positive 
bias for the tetrode section of the 
tube, which is also cathode-biased. 

When normal energy is radiated, 
two relays, RYi and RYt, are en¬ 
ergized by the tetrode plate current 
by virtue of positive grid bias from 
the diode and RY, is also energized. 
Under this condition, the coil of 
RYi is paralleled by R„ and only a 
slight drop in plate current will 
cause RYi to open. An abnormal 
condition anywhere in the transmit¬ 
ter resulting in a moderate drop in 
radiated energy will cause such a 
drop in plate current, and RYi will 
release RY„ applying high negative 
bias to the buffer and modulated am¬ 
plifier stages. 

RY„ may, of course, have any 
contact arrangement desired for the 
application of this bias, which must 
be determined to suit the individual 
transmitter. This bias should be 
sufficient to reduce the carrier power 
to about 16 percent of normal, which 
will not sustain arcs unless there has 
been some damage to equipment. 
When the power drops to this low 
value, RYi will not have sufficient 
current to hold and will drop out, 
picking up RY. through a set of de¬ 
energized contacts, removing the 
high bias and returning the carrier 
to normal. These de-energized con- 
acts on RYt also perform the useful 
function of protecting the device 
against tube failure since the relay 
cannot pick up without plate cur¬ 
rent, and these contacts hold in RY,. 

When RY, opens two other func¬ 
tions occur: R, is removed from its 
position in parallel with the coil of 
RYi, and RY, is locked out through 
its remaining de-energized contact 
and a similar one on RYi, Thus, RY, 
is subjected to the full plate current, 
and will now pick up on a smaller 
current than is present when it 


opens, and RY, is prevented from 
picking up until after RY, has closed. 
RY, closes at about 25 percent 
normal power, and RY, at about 80 
percent when the tetrode plate cur¬ 
rent is large enough to keep RY, en¬ 
ergized as the paralleling resistor 
R, is reconnected. The instrument is 
now recycled. If damage has occurred 
to the transmitter or other trouble 
is present to prevent the carrier 
from returning to full power, the 
device will remain static, with RY, 
open, RY, open or closed, and trans¬ 
mitter bias normal (RY, closed). 

The contacts of RY, should make 
before break and the springs should 
have about half the tension of those 
on RY,. C, is provided to avoid re¬ 
lay chatter on the rectified alternat¬ 
ing current in the plate circuit of 
the 117L7. A switch SW is provided 
in parallel with the energized con¬ 
tacts of RY, in order to hold in RY, 
when adjusting the device or tak¬ 
ing it out of service for some other 
reason. C, must be used to isolate 
the antenna from the power system, 
so that in the event the power source 
becomes reversed, the antenna will 
not be at line potential. C, also pro¬ 
vides a convenient means of limiting 
the r-f input to the instrument. 
Enough r-f energy, however, should 
be fed to LiC, so that this tank may 
be operated somewhat detuned from 
the station frequency, and C, used 
as a control of the tetrode bias and 
the dropout point of RY„ When 
properly adjusted for dropout at 
75 percent of full carrier, the plate 
current should be about 22 ma, and 
about 7 ma when the high bias is 
applied to the transmitter during an 
overload. 

For use with high-level systems, 
where power reduction by means of 
high bias is more difficult to achieve, 
the contacts of RY, would be placed 
in series with the plate OFF button 
or in series with the series-overload 
circuit of the transmitter, both gen¬ 
erally arranged as normally closed 
circuits. Operation of the device 
would then result in an interruption 
of the plate-contactor holding cir¬ 
cuit, shutting off the high voltage. 
As previously pointed out, a carrier¬ 
restoring device will be necessary 


for this method of operation, unless 
manual restoring of the carrier is to 
be depended upon. 

An operation indicator is a desir¬ 
able accessory to the carrier protec¬ 
tive device. The one in use at KMOX 
is shown at the right in Fig. 1, and 
is so simple that very little explana¬ 
tion will be needed. Under normal 
conditions (RY„ RY, and RY, closed), 
RY, is energized by the push button, 
seals itself in through RY„ and lights 
the pilot lamp. When RY, is opened, 
RY, will drop out and put out the 
pilot light, which will remain out 
until the operator resets it with the 
pushbutton. The protective device 
will continue to operate when called 
upon to do so, regardless of condi¬ 
tions in the indicator. 

WAIC Carrler-RMterlsf Devie* 

Overloads are probably the most 
common cause of carrier interrup¬ 
tions in broadcast stations. These 
result in operation of the protective 
relays and removal of the plate volt¬ 
ages. Where a manual operation is 
necessary to restore plate voltages, 
there is usually a delay of at least 
several seconds before the operator 
can reach the switch to restore the 
carrier to the air. 

The carrier reset to be described 
cannot be praised too highly. It 
has been in service at WABC and 
then at KMOX since 1983, and has 
proven itself thoroughly dependable. 
The author does not know of a sin¬ 
gle case of trouble due to failure of 
this device. It is probably the sim¬ 
plest gadget yet designed that is cap¬ 
able of performing the stands^ 
three-shot and lockout cycle of re¬ 
closing devices. This unit, shown in 
Fig. 2, needs only as many relay con¬ 
tacts as there are protected plate 
circuits in the transmitter. It will 
operate within 0.8 second on the first 
attempt to restore the carrier, and 
within 0.6 second on the two subse¬ 
quent attempts. Under these condi¬ 
tions, instead of a definite program 
interruption, a simple overload re¬ 
sults in a momentary break of such 
short duration that only the most 
attentive listeners will be aware of it 
In addition to its electrical and .me¬ 
chanical simplicity, it has no buttons 
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FIG. 2—^In th# •▼•&! ol corrUr loUura du« to OTorlood. this simple reloy arromge> 
meat perlonas the standard three*shot and lockout cycle of redoslag derIces. It 
makes three ottempts to restore power, working so fost that listeners ore not 

oware ol trouble 


to push to recycle it after a lockout. 
It is completely automatic in every 
respect. Its contacts never break a 
circuit and consequently never need 
attention. 

This reclosing device consists es¬ 
sentially of a relay with one set of 
de-energized contacts for each pro¬ 
tected plate circuit, and a pendulum 
associated with the relay armature. 
Most transmitters have only two pro¬ 
tected plate circuits, a medium volt¬ 
age for the exciter and driver stages, 
and a high voltage for the buffer and 
final amplifiers. This is the case at 
KMOX, as represented in Fig. 2. The 
relay contacts are paralleled with the 
plate ON control buttons, so that the 
high-voltage circuit breakers are 
closed by operation of the relay. The 
relay is energized by current flowing 
through auxiliary contacts Ax and 
Bx on the plate voltage primary con¬ 
tactors. Thus, when either contactor 
is opened as a result of an overloadp 
the reset relay becomes de-energized 
and the pendulum-yoke arrangement 
is released. The contacts will close 
at the end of the first half swing of 
the pendulum and the plate voltage 
will be reapplied. 

If the overload has cleared, the 
contactor will remain closed, ener¬ 
gizing the reset relay and restoring 
conditions to normal. If the overload 
still exists, the plate contactor will 
reopen by action of the protective 
relays, and the reset relay pendulum 


will continue to swing. If the over¬ 
load has not cleared by the time the 
third application of plate voltage has 
been made, lockout will occur as the 
reset pendulum has lost its kinetic 
energy and will come to rest in a 
neutral position. The carrier must 
now be restored manually. As soon 
as the plate contactors remain closed 
simultaneously long enough to ener¬ 
gize the reset relay, the device is 
ready for another operation cycle. 

Nearly any type of clapper relay 
is suitable for conversion into a 
pendulum reset device. The relay 


voltage source may be chosen to fit 
the relay, or vice versa. The relay 
used at KMOX is a Signal Electric 
and Manufacturing Co. type KS, op¬ 
erating from the 20-volt filament sup¬ 
ply. Connections are made to the 
moving contact arms by means of 
flexible leads. The pendulum is of 
such a length that three full swings 
take place, resulting in three con¬ 
tact closures before the arc of the 
swing has become too short to close 
the contacts. A complete swing of 
the pendulum requires about 0.6 sec¬ 
ond, but the first closure occurs in 
half that time since only a half swing 
is required. 

A quarter-inch rod of any mate¬ 
rial will suffice for the pendulum, 
and several nuts may be threaded on 
the end to provide weighting for en¬ 
ergy storage. The relay is mounted 
approximately 10 deg. from the hori¬ 
zontal so that the contacts are open 
when the relay is not energized and 
the pendulum is at rest. 

If no auxiliary contacts are avail¬ 
able on the plate contactors, they can 
usually be installed without great 
difficulty. However, where this is ut¬ 
terly impossible, auxiliary relays in 
parallel with the plate transformer 
primaries could be used. 

An automatic time-delay starting 
device is particularly useful in two 
ways, for getting back on the air 
after a breakdown with a minimum 
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of lost time, and for locating trouble 
where the fault cannot be expedi¬ 
tiously located without the power on 
and it is impossible to keep it on 
without damaging equipment. 

The device in use at KMOX will 
give a start in 10 seconds, providing 
the interlocking grid and filament 
relays are ail clear, otherwise the 
start will wait until they do clear. 
This 10-seconds can be utilized by 
the operator in getting the studio on 
the order wire, or in proceeding to 
the point where trouble is suspected, 
so that he may observe the equip¬ 
ment at the moment the plate volt¬ 
age is* applied. For example, in the 
latter situation, the operator is en¬ 
abled to locate readily a bad tube in 
a parallel installation when the only 
indication of trouble is a flash inside 
the tube. 

Electrical details of this device are 
shown in Fig. 3. if either plate volt¬ 
age is off, RY^ will be de-energized 
and its contact closed. The method of 
energizing RY^ is the same as for the 
reset relay. Jf?F, may now be picked 
up by means of the pushbutton, and 
it will seal itself in through its lower 
contacts. The pilot lamp will go on 
and remain on until the starting 
action is completed. The upper con¬ 
tacts of RYi then excite the fila¬ 
ment transformer of the rectifier 


tube, and apply alternating voltage to 
the plates of the tube. When the 
cathode has reached conduction tem¬ 
perature, HY, will be energized, clos¬ 
ing its contacts acrross the plate ON 
buttons. As soon as the plate con¬ 
tactors close, RY. will operate, open 
ing its contacts and releasing RYg. 
Thus the transmitter has been given 
one starting impulse. Subsequent 
starts will not require a full 10 sec¬ 
onds if the tube has not fully cooled. 
Obviously, RY^ cannot be picked up 
when the plates are on or the master 
control off, eliminating the possibil¬ 
ity of accident through a “stored up'" 
start. 

Resistors and Rt are for drop¬ 
ping the pilot lamp and RY^ voltages 
to the proper values from the 220- 
volt relay circuit used at KMOX. 
Cl is shown across EF, coil for re¬ 
moving the chatter if /2F« is a d-c 
relay. It will not be necessary if an 
a-c relay is used. 

Corrisr*lnierr«pfiM Tinlsf Psviee 

This auxiliary device records the 
time at which a transmitter break¬ 
down occurs, as well as its duration, 
permitting the operator to give his 
entire attention to the cause and re¬ 
pair of the failure without having to 
note the time both before and after 
the repair period. It is, like most 


automatic instruments, capable of 
greater accuracy than can be ob¬ 
tained by mere observation. 

The KMOX timer is shown dia- 
gramatically in Fig. 0. Its operation 
is similar to that of the carrier- 
protective device described above. 
The control element is the carrier 
wave, a bit of which is rectified and 
used to develop positive grid voltage 
for the tetrode section of the 117L7 
tube, also cathode biased. When the 
carrier is on, RY^ and RYt are ener¬ 
gized, and clocks CL, and CL, are 
running, while CL, is stopped. All 
three clocks are self-starting. CL, 
keeps correct time, running contin¬ 
uously. 

When the carrier is interrupted, 
RYi and RY, are de-energized, CL, is 
stopped, and CL, is started. CL„ 
therefore, determines the time that 
the interruption occurred. When the 
carrier is restored, RYt is picked up, 
stopping CL,. This clock thus deter¬ 
mines the duration of the interrup¬ 
tion. RYt is not picked up by the 
carrier, for its coil is shorted 
through its own de-energized con¬ 
tact and the reset button. After the 
operator has noted the time of the 
breakdown, the reset button Is 
pushed, allowing RYt to become ener¬ 
gized and returning the instrument 
to its original condition. 
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The clocks may be set by means 
of switches 1, 2, and 3, at the oper¬ 
ator’s convenience. CL,, normally 
runninR, keeps correct time until the 
carrier is stopped, and CL, is set at 
12:00, ready to time any interruption 
in terms of hours, minutes, and sec¬ 
onds by direct reading. 

Ceil is Inferlocked 

The coil of RY, is interlocked 
through an energized contact on RY^ 
to insure simultaneous opening of 
both relays. This interlock may not 
be necessary in all cases, depending 
on the characteristics of the relays 
used. 

The diode circuit is similar to that 


of the carrier-protective device, with 
two notable exceptions. C..L, is tuned 
exactly to the carrier frequency, Co 
being fixed if desired and the tank 
tuned by removing turns from L,. 
The other, and major exception, is 
the substitution of C,, an 8-^f capac¬ 
itor, for the tetrode grid leak. This 
provides a time delay of about one 
second, the time required for C\ to 
discharge to the point where the bias 
limits the plate current to the point 
where it will no longer energize RY, 
and RYr,, The delay is incorporated 
to keep the instrument from operat¬ 
ing on a normal reset due to over¬ 
load, since this is not considered an 
interruption. 

A grid leak is not necessary be¬ 


cause of the conduction through the 
electrolyte of C*. Cathode bias resis¬ 
tor Ry, being 1000 ohms, will bias 
the tube to a value numerically equal 
in volts to the plate current in ma. 
This provides a convenient test con¬ 
sideration, and leads are incorpor¬ 
ated for measuring the bias with a 
voltmeter. When properly adjusted, 
the bias should be about 15 v with 
the carrier on and about 8 v with 
no signal. The circuit C,Li may be 
tuned by adjusting for maximum 
bias voltage. Capacitor C, isolates 
the antenna and limits the r-f input. 
The circuit arrangement operates all 
the clocks on a 117L7 tube failure, 
and this calls the attention of the op¬ 
erator to the failure. 


Foolproof Cuing System for Broadcast 

Stations 


Broadcast stations frequently use 
part of their regular channel equip¬ 
ment in special circuits, for routine 
tests and other similar operations. 
Unless precautions are taken tem¬ 
porary circuits may cause embar¬ 
rassment when programs are placed 
on the air. The accompanying dia¬ 
gram .illustrates a simple change¬ 
over circuit which reduce the human 
error to a minimum. The success of 
its operation is entirely dependent 
upon the type of switch used. Among 
those suggested are the Western 
Electric type 479 non-locking key 
and the type 392 push-button key. 
Where remote control is required a 
type “E"' relay made by the same 
company can be substituted in con¬ 
junction with a push-button, or the 
relay may be actuated by other con¬ 
ventional means. 

A specific application of this cir¬ 
cuit is in the control room of a 
broadcast studio. The studio en¬ 
gineer must frequently “spot” or 
“cue” records before going on the 
air. That is, he must set the pickup 
needle about a half turn ahead of 
the music to allow the turntable to 


By JOSEPH ZELLE 

attain normal speed and must still 
start playing immediately after the 
announcer’s introduction. In order 
to cue the record, part of the regular 
circuit must be used temporarily 
without placing it on the air. Some¬ 
times the operator blunders when 
switching. 

Circuit Defoilt 

The cuing system presented here 
provides a mechanical safety fea¬ 
ture which is practically foolproof. 
It is simple to install and parts can 
be salvaged from almost any radio 
shop. Readily available switches can 
be easily revamped to make and 
break the necessary circuits. 

With the key in the neutral posi¬ 
tion the cuing monitor is dis¬ 
connected. To operate the cue mon¬ 
itor the operator simply holds the 
key in the cuing position. Since 
the key (or relay) is non-locking, 
there will be no danger of putting 
the pickup on the air as long as the 
key is held down. Releasing the key 
will connect the pickup to normal 
circuits. Thus, once the studio en¬ 
gineer becomes accustomed to “push 



Circuit of foolproof cuing Byitom. Tho 
Toluo of Inpul-thorting roBlitors R !• not 
criticcd 


to cue” it will become second nature 
with him. 

The system especially proves its 
worth during moments of confusion 
or programming error, when time is 
at a premium. With this system the 
controlroom engineer can quickly cue 
the record with perfect confidence, 
and worry only about the program 
detail to be aired. The moment he 
releases the key after cuing, the 
pickup will be on the air if the regu¬ 
lar gain control is open. Further¬ 
more, since the pickup is monitored 
after the “Vertical-Lateral Filter” 
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control, the danger of playing tran¬ 
scriptions with the wrong filter is 
virtually eliminated. 

Installation is simple. The shielded 
leads from the filter and pickup in 


the turntable cabinet are cut and the 
switch inserted as shown in the dia¬ 
gram. Then, to prevent accidental 
open inputs, resistors R are so placed 
that they short-circuit either the 


cuing monitor or pre-amplifier when 
these are not in use. 

The cuing monitor can be placed 
in the turntable cabinet to avoid 
complicated wiring. 


Grounded-Grid Power Amplifiers 

Radio-frequency power amplifiers using grounded-grid circuits operate at higher frequen¬ 
cies and can handle wider handwidths than capacitance-neutralized grounded-cathode cir¬ 
cuits. These advantages suit the grounded-grid circuit to television, f-m, and industrial uses 


There are three practical ways of 
utilizing a triode as an amplifier. The 
most common way is to apply the in¬ 
put signal between grid and filament 
terminals and take output from plate 
and filament. A second way is to 
apply input to grid and plate and 
take output from filament and plate. 
This type of amplifier is known as a 
cathode follower. The third way is to 
apply input to grid and filament and 
take output from plate and grid. 
There is no generally accepted name 
for this type of amplifier. It has 
been variously called grounded-grid 
amplifier, inverted amplifier, and 
common grid circuit because the grid 
is common to the input and output 
circuits. According to this terminol¬ 
ogy, the normal amplifier would be 
called a common cathode circuit, and 
the cathode follower would be a com¬ 
mon plate circuit. In this article, the 
designation grounded-grid will be 
employed since it has been used 
fairly widely. 

Problemt of Tobo Poflga 

Consider a normfil triode circuit 
with input applied between grid and 
filament and a tuned output circuit 
between plate and filament. The fila¬ 
ment is grounded. It is well known 
that such an amplifier will oscillate 
by itself at some undesired fre¬ 
quency because of feedback through 
the grid-plate capacitance of the tube. 
The cure for this difficulty is neu¬ 
tralization. However, as the fre¬ 
quency is increased, neutralization 


ByE. E. SPITZER 

becomes increasingly difficult to 
handle. Because feedback is caused 
by capacitance between grid and 
plate and because any external neu¬ 
tralizing circuit is isolated from the 
internal capacitance by the induct¬ 
ances of grid and plate leads, the fre¬ 
quency band over which the tube can 
be neutralized becomes narrower and 
narrower with increasing frequency 
and finally vanishes altogether. An¬ 
other undesirable effect is that ca¬ 
pacitance neutralization serves to in¬ 
crease the input and output capaci¬ 
tances of the amplifier. For example a 
push-pull cross-neutralized amplifier 
has an output capacitance per tube 
equal to the plate-filament capaci¬ 


tance of the tube plus twice the grid- 
plate capacitance. This resultant 
high capacitance narrows the r-f 
bandwidth that can be handled or it 
may reduce the efficiency of the am¬ 
plifier because of excessive circulat¬ 
ing kilovoltamperes. 

Tetrodes and pentodes were de¬ 
veloped to overcome the foregoing 
difficulties. In these types of tubes, 
the screen and suppressor shield the 
control grid from the plate so that 
the feedback capacitance is low 
enough to make neutralization un¬ 
necessary. However, as the fre¬ 
quency is increased, self-oscillation 
may occur if the screen and sup¬ 
pressor leads have appreciable in- 
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ductance. Then» these grids cannot 
be held effectively at r-f ground po¬ 
tential and, as a result, feed-through 
may occur. Twin tubes such as the 
RCA-829B were designed to over¬ 
come this difficulty. In a twin tube 
designed for push-pull operation, 
screen grids and cathodes can be 
intimately connected within the tube 
so that practically no inductance is 
present between these electrodes. 
Tubes of this design give excellent 
performance. The only difficulty is 
that tube cost for a twin-pentode 
tends to be high compared to the cost 
of triodes or triodes for equivalent 
power output capability. 

CircMlt Charaetariities 

The grounded-grid circuit is a way 
of using a triode which reduces the 
possibility of self-oscillation without 
the need for neutralization. Figure 
1 shows a grounded-grid amplifier 
circuit, in which the control grid acts 
as shield between plate and cathode 
to reduce feedback capacitance Cpr. 
Thus, the control grid performs one 
function of a screen grid in a tetrode. 

A second characteristic of the 
grounded-grid circuit is that the 
driver tube and output tube act in 
series to supply the load. In Fig. 1, 
the driver produces an r-f voltage 
Eo across the input terminals of the 
output tube. The latter has an r-f 
voltage Ep across its plate and cath¬ 
ode. These voltages are 180 degrees 
out of phase with respect to the cath¬ 
ode so that the r-f voltage from plate 
to grid and also across the output 
circuit is Ep + Eo. If Ip is the funda¬ 
mental component of plate current 
180 degrees out of phase with Ep, 
and la is the fundamental compon¬ 
ent of grid current in phase with Eo, 
the following relations then hold 

Power delivered to load circuit — 
(Ep + Eo)I, 

Power delivered by output tube — 

EpJp 

Driver power transferred to load cir¬ 
cuit =» Eolp 

Power delivered by driver circuit — 
Eailp + la) 

Power absorbed by output tube — 
Eah 

It is apparent from these relation¬ 
ships that driver tube and output 
tube act in series to supply the load 
circuit. Power output^ Aerefore, is 


higher than would be expected and 
the conventional efficiency, based on 
the input to the output tube, is un¬ 
usually high. 

The foregoing discussion brings 
out a third characteristic. The driv¬ 
ing power of a grounded-grid ampli¬ 
fier is higher than when the same 
tube is used in a normal triode cir¬ 
cuit and may be three to ten times 
greater. However, this increased 
power is not lost; it is merely trans¬ 
ferred to the plate circuit and ap¬ 
pears as output, as explained above. 

A fourth characteristic is lower 
output capacitance. In a grounded- 
grid circuit, output capacitance is 
approximately Cop, whereas in a nor¬ 


mal capacitance-neutralized amplifier 
the output capacitance is more than 
twice this value. This fact is most 
important at high frequencies be¬ 
cause lower output capacitance re¬ 
sults in increased r-f bandwidth¬ 
handling capabilities and in lower 
circulating kva in the output circuits. 

All of the foregoing characteris¬ 
tics are advantageous with the ex¬ 
ception of the increased driving 
power. The latter is a disadvantage 
because it may require more or big¬ 
ger amplifier stages in the transmit¬ 
ter design. Because a pentode or 
beam tetrode does not have this dis¬ 
advantage, the field of application of 
grounded-grid amplifiers is at fre- 



FIG. 2—Cut«owoy view ihewlag method oi 
extending grid cylinder to complete the 
ehieldlng between lUoment and plate cir* 
cults la o triode espedolly designed for 
grouaded-grld circuits 





828 


ELECTRONICS MANUAL FOR RADIO ENGINEERS 


quencies at which pentodes are not 
available for the desired power, or 
where the cost of pentodes is greater 
than the cost of additional driving 
stages required by the grounded-grid 
circuit. Present indications are that 
the frequency and power boundaries 
are about as follows 


Power in Kw 
0.1 
25 
100 


Frequency w Me 
300 
30 

10 


For the stated power, the grounded- 
grid circuit becomes desirable at a 
frequency above that listed. 

Most of the characteristics which 
make a triode desirable in a normal 
circuit also make it desirable in a 
grounded-grid circuit. However, 
there are some additional require¬ 
ments for a good grounded-grid tube. 
It has been stated above that the 
grid and its associated external 
ground plane should act as a screen 
between anode and cathode and their 
respective circuits. Therefore, the 
tube should be so designed that the 
anode and cathode connections are 
on opposite sides of the grid con¬ 
nection. For example, a tube which 
has an external anode with the grid 
terminal insulated from one end and 
the filament terminal insulated from 
the other end is not at all suited for 
grounded-grid operation. On the 
other hand, a tube such as the 9C21 
illustrated in Fig. 2 is ideally suited 
for grounded-grid operation because 
the grid terminal is a large metal 
flange which can be connected to a 
metal shield separating the anode 
circuit from the cathode circuit. In 
addition, the grid support of the 
9C21 has very lev inductance and, 
therefore^ meets the second require¬ 
ment for a good grounded-grid 
triode. ^ 

Let it be required to design a 
grounded-grid stage utilizing one 
9C21 triode. The tube will be used in 
the circuit shown in Fig. 1. The 
manufacturer’s data show the fol¬ 
lowing typical operating conditions 
for normal grounded-cathode cir¬ 
cuits 


D-c plate voltage 17,000 v 
D-c grid voltage « —1,600 v 
Peak r-f grid voltage « 2,200 v 
D-c plate current ** 7.9 amp 


D-c grid current = 0.9 amp 
Driving power — 1,800 w 
Power output =*= 100 kw 


Amplifier Design 

It is first necessary to obtain the 
r-f plate voltage swing E^. This can 
be estimated from the fact that in a 
properly excited class-C amplifier, 
the plate voltage will swing down to 
the value of the peak positive grid 
voltage. Because the value of the 
latter is equal to 2,200 minus 1,600 
volts, or 600 volts, Ep is 
2 *(17,000-600)= 11,600 volts rms. 

Next, the fundamental components 
of plate current and of grid current 
must be obtained using the power 
output and driving power values 
given above 


100,000 

11,600 


8 -63 amperes 


output to some extent by varying the 
grid bias and the grid swing. For 
example, if the bias should be 
changed from —1,600 to —2,000 volts 
and the grid swing by a like amount, 
i.e., to 2,600 volts, the power output 
would be 116 kilowatts. 

A grounded-grid amplifier stage 
can go into self-oscillation, particu¬ 
larly at high frequencies, because of 
feedback from plate to cathode 
through the plate-filament capaci¬ 
tance. This action is more easily 
understood if the amplifier stage is 
redrawn as a Colpitts oscillator cir¬ 
cuit, as shown in Fig. 3. Because we 
are dealing with the worst condi¬ 
tions, inductive tuning only is as¬ 
sumed. The output circuit must be 
inductive at the oscillation fre¬ 
quency, as the following analy8i.s 
proves. 


and 

^0 


],800 V2 

2.2(X) 


1.16 amp. 


The output power and the driving 



FIG. 3—RMrrangmtilt ol circuit of Fig. 1 
■howi that tho groundod-grid euBplIller U 
aimilor to tho Colpltta oacilloior 


Cendiflont for Oscillotion 

It is well known that circuit re¬ 
actance between filament and grid 
must be capacitative and, further¬ 
more, should be at least one-fifth the 
reactance between plate and fila¬ 
ment. 1'his reactance will produce 
an excitation ratio, that is, a ratio 
of plate .swing to grid swing, of five. 
In any good grounded-grid tube, the 
plate-filament capacitance will be so 
low that its ratio to the grid-filament 
capacitance will be much less than 
one-fifth. Thus, to produce oscilla¬ 
tion, the input circuit must be in¬ 
ductive so as to reduce the effective 
capacitance between grid and fila¬ 
ment to a value about five times that 
of the plate-filament capacitance. 
With tuned input circuits, this con¬ 
dition can easily be fulfilled. Let it 
be assumed that this condition is 
exactly fulfilled. 

The total tank circuit capacitance 
is then 


power of the grounded-grid stage 
can now be calculated frqm the rela¬ 
tions given earlier. We obtain 

Power output «• (E, -f Eg) Ip 

m ^11,800 + ?^^ 8.63 - 113 kw. 

Driving powH- > Stiff + If) 

2200 

~ (8.63 + 1.16) - 16.2 kw. 

V2 

It is pouible to change the power 


Cr “ Crr + 


hCar Crr 
Co;- + 6 Ctr 


In the case of 9C21, this capacitance 
would be 


Cr 


48X6X 1.8 
48 + 6 X 1.8 


9.4 


Thus for thie 100>kw tube, the 
tank capacitance for parasitic oecil* 
lation is onlir 9.4 nid, a value which 
is quite smalL Thie capacitance wiU 
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ground»d> 9 rid r>f FIG. 5 —CIom-B power amplification characterietic of grounded- 

grid circuit 


FIG. 4—Plate modulation characterietic of 
amplifier 

store only appreciable amounts of 
power at high frequencies. Assume 
operation at a frequency of 20 me. 
The reactance of Cr is then 850 
ohms. If the tube is operated at 12 
kilovolts with a plate swing of 11.6 
kilovolts, the reactive power is 
(11,600/2)7850 = 80 kilovoltam¬ 
peres. 

We also know that oscillator sta¬ 
bility necessitates an operating Q of 
at least 12. Therefore, in the above 
case, the circuit could be loaded to 
6.7 kw; If all the circuit losses, in¬ 
cluding driving power and any 
power delivered to the load, are less 
than 6.7 kw, the tube will oscillate 
with certain adjustments of the 
input and output circuits. If we 
assume that the normal output cir¬ 
cuit loss is five percent of 100 kw, 
or 6 kw, this value plus the driving 
power and the normal load coupled to 
the tube would be sufficient to make 
the amplifier stable at the assumed 
frequency. 

M»d«lo4lM Clioracferittict 

When plate modulation of only a 
grounded-grid amplifier stage is at¬ 
tempted, a characteristic such as 
illustrated in Fig. 4 is obtained. It 
will first be noted that grid current 
varies widely with plate voltage. As 


the plate voltage increases, the plate 
current also increases and causes an 
increasing load on the driver stage. 
Due to the regulation of the latter, 
driving voltage decreases and with 
it grid current. This decrease of 
grid current is quite large and is 
characteristic of this type of ampli¬ 
fier. 

Over quite a range of plate volt¬ 
age, the output current is linear 
with plate voltage as in the case of 
conventional class C amplifiers. 
However, at low voltages load cur¬ 
rent departs from linearity and will 
not be zero until negative values of 
plate voltage are reached. This phe¬ 
nomenon is due to the fact that r-f 
driving voltage and d-c plate supply 
voltage are in series as shown in 
Fig. 1. As a result the plate not only 
has a d-c supply voltage but also 
simultaneously an r-f supply voltage. 
Therefore, the plate current and the 
load current do not drop to zero until 
a value of negative plate voltage 
equal to the value of the peak driving 
voltage is reached. Accordingly, the 
resultant , characteristic of modulat¬ 
ing only a grounded-grid stage 
shows distortion unless one is satis¬ 
fied with partial modulation. To 
obtain a modulation characteristic 
which will permit 100-pereent modu¬ 


lation, it would be necessary to mod¬ 
ulate simultaneously one or more 
successive stages. 

The above problem is of little prac¬ 
tical consequence because amplitude 
modulation is rarely used at the 
high frequencies for which the 
grounded-grid circuit is particularly 
applicable. The problem does not 
exist for such services as frequency- 
modulation, television and industrial 
power. 

When a grounded-grid amplifier is 
used as a linear, class-B r-f amplifier, 
quite satisfactory results are ob¬ 
tained, as shown in Fig. 5. Such an 
amplifier could be used to amplify 
television signals. 
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Filament and Heater Characteristics 

Mathematical analysis of volt-ampere characteristics of various filament metals. Resulting 
equations are plotted as a reference chart that gives filament current, temperature and 
wattage for any electron tube at various operating voltages with good accuracy 

By CECIL E. HALLER 


F requently in the design and 
application of electron tubes 
it is necessary to predict the value 
of filament current and possibly 
also the filament temperature when 
the applied filament voltage devi¬ 
ates from the normal or rated 
value. Such an instance occurs 
when two or more filaments having 
different volt-ampere characteris¬ 
tics are operated in series and it is 
required to predict the voltage 
variation across each individual 
filament with respect to the supply 
voltage variation. The solution of 
this problem requires a knowledge 
of the volt-ampere characteristic of 
each filament. The voltage across 
each filament can then be deter¬ 
mined for any arbitrary assumed 
current value. If appropriate cur¬ 
rent values are chosen, a curve of 
each individual tube voltage versus 
the supply voltage can be con¬ 
structed. 

A knowledge of the individual 
volt-ampere characteristics over the 
required range may not be readily 
available unlesj it has previously 
been experimentally determined. It 
is the purpose of this paper to indi¬ 
cate a method of constructing the 
volt-ampere characteristic if the 
current is known for at least one 
operating voltage. The knowledge 
of this point enables the current to 
be predicted at a new operating 
voltage with good accuracy provid¬ 
ing the change in voltage is within 
approximately dk25 percent of the 
known voltage. The same analysis 


will also permit the determination 
of the value of watts and tempera¬ 
ture in terms of the known operat¬ 
ing condition. 


In order to solve Eq. (1) and (2) 
let 

where 


•«fle niemeef Eqaetlont 

In order to illustrate the method 
of transposing the operating condi¬ 
tion of a filament^ the two basic 
equations involved in the design of 
filaments and heaters for electron 
tubes will be considered. 

The first equation is: 

W * 
where 


Kt » s constant of proportionality 
Tir « an exponent which may be regarded 
constant over a limited temperature 
range. 

Solutions of Eq. (1), (2) and (3) 
for W, 7, and T in terms of E 
yield:’ 


2n* 


2rw 


r = Jf, n. + n.+■ n. 




(4) 


W "■ power radiated in watts 
K\ constant of proportionality, which 
includes the area the emitter 
T * temperature in degrew Kelvin 
n* » an exponent which is reasonably 
constant for a given metal over a 
limited range of temperature. 

The second equation is: 

W « g*/« - PR 
where 

E * applied filament voltage 
R m resistance ci the filaii^t, which is 
in general a function of temperature 
I » filament current 


Thus, when using W., /•, T., E. 
and W„ /«, r,, Em as the known and 
unknown conditions respectively^ 
Eq. (4), (5) and (6) may be 
written: 


W. 



2n^ 

n, -f tir 


(7) 
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(8) 

(f:) 

(9) 


Um of Av*rav* Volyn for Expooontt 

Values for n, have been deter¬ 
mined for some of the more com¬ 
mon metals, and are given in Table 
I. The exponent n, includes the 
change of total emissivity with tem¬ 
perature. Since the total emissivity 
of metals increases with tempera¬ 
ture,* the Stefan-Boltzmann law of 
radiation requires that n. be 
greater than four. For materials 
having an emissivity independent 
of temperature the value will be 
four. The value of n, for some met- 
tals at different temperatures is 
also given in Table I. These limited 
data indicate n, ranges from 0.6 
to 1.2. 

If Wi and Wt, the watts radiated 
at temperatures T, and T, are 
known, then 

„ ^ log (iTi/tr.) 

log,(f’./7’i) 

In a like manner, if Ri and R, are 
the resistances at temperatures Ti 
and Tt, then 

log (Rx/B,) 

^ log (j’./r, 

These permit an experimental 
check of the values of n. and n, if 
two sets of operating conditions 
are known. 

Table I also gives the value of 
(«, — n,)/(n, -1- tt,). It will be 
noted that it ranges from 0.69 to 
0.76. It is now of interest to see 
what error results in using an aver¬ 
age value of this exponent in Eq. 
(8). A voltage ratio E,/E, of 1.26 
will be taken as the maximum volt¬ 
age for which Eq. (8) is to be used. 
If the exponents 0.69 and then 0.76 
are used, the respective values of 
current ratio /.//. are 1.140 and 
1.186 or a deviation of only :tel.9 
percent from the mean value. 

It is evident therefore that an 
average exponent can be chosen 
which applies to all the metals in 
Table I, and in general 




( 10 ) 


is true to sufficient accuracy for 
most engineering purposes. This 
equation has been drawn as the 
current curve for the chart in 
Fig. 1. 

It can further be shown that the 
accuracy involved in assuming 
2n^/(n^ -f nr) = 1.61 and 2/(n« + 
rir) == 0.327 is even greater than for 
the case just discussed. Then 


(l:)“ 

(11) 

(1)" 

( 12 ) 


These equations are plotted in 
Fig. 1. 

In order to check Eq. (8) and 
Fig. 1, data were taken for a wide 
variety of electron tubes. It will be 
noted from Fig. 1 and Table II that 
the calculated values of current 
deviate, in general, by less than rb4 
percent from the measured val¬ 
ues. We can conclude from this 
that Fig. 1 is generally applicable 
to all types of electron tubes for 
the specified range of 
Some samples of the use of this 
curve will now be given- 

Example 1. The type RCA-826 
has a thoriated-tungsten filament 
rated at 7.5 volts and 4 amperes. 
What will be the filament current 
at 6,62 volts (75 percent of rated 
voltage)? Tracing up from 76 on 
the horizontal scale in Fig. 1 to the 
current curve, and then across, 
gives 83.8 percent. The new fila¬ 
ment curve is then 0.838 X 4 = 8.36 
amperes. By actual measurement 
the current was found to be 3.34 
amperes. While no temperature 
measurements were made at this 
voltage one would expect the tem¬ 
perature to decrease to 91 percent 
of its rated value in degrees Kelvin. 

Example 2. An oxide-coated cath¬ 
ode has a temperature of 1000 deg. 
K when the heater is operated at 6 
volts. What voltage will be re¬ 
quired to increase the temperature 
to 1060 deg. K? From Fig. 1, when 
TJT. = 1.06 one finds E,/E. = 
1.19 or E. = 6 X 1.19 = 6.96 volts. 
The heater voltag^e was found to be 
6.0 volts when determined experi¬ 
mentally. If the voltage had been 
increased to 7 volts, then Em/E. = 
1.4 and Tm/T. = 1.118 or T. = 1118 


deg. K. Actual measurements indi¬ 
cated the temperature to be 1136 
deg. K. 

In order to examine the opera¬ 
tion of filaments or heaters in 
series, let two tubes Tx and T,, hav¬ 
ing the same nominal voltage rat¬ 
ing, be connected in series to a 
power supply E, (see Fig. 2). In 
general the filaments of tubes Tx 
and r, may have different volt- 
ampere characteristics. Such dif¬ 
ferences may be due to the indi¬ 
vidual variation of filament current 
when read at a specified or rated 
voltage. These variations of fila¬ 
ment currents, which are expected 
and normal, result from the neces¬ 
sary manufacturing tolerances on 
both materials and processes. 

The usual filament current toler¬ 
ance on receiving and the smaller 
transmitting tubes whose filaments 
or heaters might be operated in 
series is generally of the order of 
5 to 10 percent. In order to insure 
satisfactory operation initially and 
throughout the expected life of the 
tube, the tube manufacturer usu¬ 
ally specifies the percentage the ap¬ 
plied filament voltage may be al¬ 
lowed to deviate from normal. This 
voltage deviation is usually of the 
order of ±6 percent for the thori¬ 
ated-tungsten type emitters and 
ifclO percent for the oxide-coated 
filament or heater-cathode types. It 
becomes apparent that for series 
operation of the filament or heaters 
the supply voltage variation needs 
careful consideration in order to in¬ 
sure that the individual filament 
voltage tolerances are not exceeded 
on either T, or T*. 

If Ti and T, are both high or 
both low filament-current tubes, 
no problem exists since the volt- 
ampere characteristics are substan¬ 
tially identical (i.e,, they have the 
same currents for the same applied 
voltage). Only the combination 
needs to be considered, where one 
has the higher limit value and the 
other has the lower limit value of 
filament current. 

As a specific problem, assume the 
filament-current tolerance to be 
=t:5 percent and let it be required 
to determine the permissible varia- 
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tion of supply voltage without ex¬ 
ceeding an individual tube voltage 
range of ztilO percent. This prob¬ 
lem frequently arises in the design 
of mobile transmitters when the 
filament or heaters are operated in 
series. 

The bogie or normal volt-ampere 
characteristic BKE of Fig. 2 may 
then be constructed from Eq. (10). 
For Ti, the 6 percent high filament- 
current tube, the equation of the 
volt-ampere characteristic is 



Curve AJD can be constructed from 
this equation. 

Similarly for Ta, the low filament- 
current tube, the equation is 

Uz/h) - 0.95 (14) 

which is represented by the curve 
CLF in Fig. 2. 

An arbitrary current may then 
be assumed in order to determine 
the individual voltage across tubes 
r, and Ta. The supply voltage is 
represented by the sum of the volt¬ 
ages across Tx and Ta. If Ti (the 
high filament-current tube) has 
the minimum permissible voltage 
0.9 Eo represented by point A, tube 
Ta (the low filament-current tube) 
will have a voltage represented by 
point O. The sum of the two volt¬ 
ages at points A and 0 represents 
the minimum permissible supply 
voltage consistent with the previous 
imposed condition of :±:6 percent 
filament-current tolerance and d=10 
percent individual voltage toler¬ 
ance. 

In a similar manner the maxi¬ 
mum voltage 1.1 E. that can be ap¬ 
plied to the low filament-current 
tube, is represented by point F, and 
the voltage on Tu the high filament- 
current tube, by point G. The sum 
of the voltages at points G and F 
gives the maximum permissible 
supply voltage. The nominal sup¬ 
ply voltage is twice the nominal 
tube voltage or 2 E. since it was 
assumed the nominal voltage rat¬ 
ings of r, and r, were identical. 
The maximum permissible percent¬ 
age of supply voltage deviation may 
then be calculated directly from the 
graphical analysis. This solution 


indicates supply voltage toler¬ 
ance of +1.7 percent and —2.0 per¬ 
cent. 

It is interesting to note that the 
distance A to P represents the max¬ 
imum permissible range of supply 
current. This suggests that if the 
supply voltage cannot be main¬ 
tained within the required limits, a 
series ballast tube whose current is 
maintained within the range A to 
P might be used to permit a larger 
variation in the supply voltage. The 
use of the ballast tube would of 
course require an increased supply 
voltage in order to supply the re¬ 
quired voltage drop of the ballast 
tube. 

An alternative solution to per¬ 
mit wider supply voltage tolerances 
consists in shunting the low fila¬ 
ment-current tube with a resistor. 
This resistor is adjusted until both 
tubes have substantially the same 
filament voltage. This method is es¬ 
sentially one of shifting the oper¬ 
ating point on the volt-ampere char¬ 
acteristic of the low filament-cur¬ 
rent tube and resistor until at nor¬ 


mal supply voltage it coincides with 
that of the high filament-current 
tube. This method does not, how¬ 
ever, make the volt-ampere charac¬ 
teristics identical and therefore 
never can permit a percentage sup- 
ply-voltage change equal to the per¬ 
mitted percentage of individual 
filament voltages. In order to sim¬ 
plify adjustments, adjustable re¬ 
sistors are frequently used across 
both filaments. 

G«a*ralised Selaflea for Tubes In 
SeHet 

The method of the solution of two 
tubes in series may be generalized 
for Nu tubes having high filament 
currents in series with tubes 
having low filament currents, as 
shown in Fig. 3. Let 

m = percentage filament-current 
tolerance 

p = permissible percentage tol¬ 
erance of individual applied 
voltage 

The volt-ampere characteristic of 
a limit tube is expressed by 
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But since EJE^ for the limiting 
condition of maximum voltage on a 
low filament-current tube is equal 
to (100 4-p)/100, Eq. (16) may be 
re-written for a low filament-cur¬ 
rent tube as 

//.\ _ /1(X) + /lOO - m^ 

V/./max. "V 100 / V 100 / 

(16) 

where /,//. is the maximum permis¬ 
sible supply current when at least 
one each of limit values of high and 
low filament-current tubes are op¬ 
erated in series. Similarly, the min¬ 
imum permissible current is given 
by 

//.\ _ /loo - 

V/./mm. “v 100 / V 100 / 

(17) 

Equations (14) and (15) form the 
basis for calculating ^he current re¬ 
quirements imposed upon a series 
ballast tube should one be used. 

The values of current given in 
Eq. (16) and (17), when substi¬ 
tuted in the appropriate equations 
for the volt-ampere characteristics, 
give the voltage at points G and 0 
respectively as 

<«> 

and 


(E.\ /100-p'\/100 + »i\"< 

The value of (EJE^) given in 
Eq. (18) represents the voltage 
across a high filament-current tube 
at the maximum permissible supply 
voltage, while the value given in 
Eq. (19) represents the voltage 
across a low filament-current tube 
at the minimum permissible supply 
voltage. The sum of Nh voltages 
given in Eq. (18) + iV/ voltages of 
the value (100-hp)/100 gives the 
maximum supply voltage or 



In a like manner the minimum sup¬ 
ply voltage is 



The percentage of supply voltage 
tolerance becomes 


% Bt above normal 

100 AlOO-fm/ , 
[ AT. + Kl 




- 1 


100 


( 22 ) 


% B, below normal ** 

[ Nh + Nl 

100 

(23) 

Equations (22) and (23) were de¬ 
rived on the premise that at least 
one tube of the group had a fila¬ 
ment current (100 -f m)/100 times 
rated value and at least one other 
had (100 - m)/100 times rated 
value. This premise imposes the 
condition that both N,i and Nt, must 
be different from zero in Eq. (.22) 
and (28). If either N„ or N,. is 
zero, the solution is simple as all 
possess the same volt-ampere char¬ 
acteristic. The permissible supply 
voltage percentage deviation is p. 

Applieefien to Usivariol Rseelvart 

It is common practice in the de¬ 
sign of a-c/d-c sets in which the 
filaments or heaters are connected 
in series to use tubes that have dif¬ 
ferent values of rated filament volt¬ 
age. The analysis of this condition 
can be reduced to an expression 
similar to Eq. (22) and (28) ex¬ 
cept that Nh and iV/, must include 
the equivalent number of respective 
tubes in terms of the lowest nom¬ 
inal voltage tube. For example, a 
35-volt tube may be represented by 
5.55 tubes of 6.8 volts nominal 
rating. 

Substitution in Eq. (22) and 
(28) of the conditions of the prev¬ 
iously discussed case of two tubes 
(N„ = 1 and Ni. =: 1) with m zz 
p ^ 10 and (w, - nr)/(n. -f nr) 

= 0.61 gives -1-1.8 percent and -2.0 
percent for the supply voltage tol¬ 
erance, which is in good agreement 
with the graphical solution. 

An examination of the case of 
three tubes in series where Nu = 2, 
Ni, = 1, m = 6, p = 10, and (n* — 
Wr)/(n„. -f Ur) = 0.61 gives the tol¬ 
erance on the supply voltage as —1 
percent and -4.7 percent. In other 
words the supply voltage can never 
be permitted to rise to normal with¬ 
out exceeding the maximum voltage 
rating on the low fllament-current 
tube. 

The curves given in Fig. 1 enable 
the transposition of heater or flla- 
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TABLE II. MEASURED AND CALCULATED DATA ON TYPICAL TUBE SAMPLES 


lUtorf Voltot« Voltot« IncrMMd VolUf • 


Type 

NssdMtv 

FHisitst 

•r 

Hssisf 

Type 

of 

Eailllsf 

Ere 

las OV 
lofvsd 

Eet 

felC^ 

Li Csk. 
(rms FIf. 1 

%Dlffsr. 

sue* 

Ert 

LsOV 

tsrvod 

La Calc, 
from Fit. 1 

% Dlffm- 

•nes 

lOIA 

FMnasst 

Th-W 

10.0 

9.11 

7.9 

1.71 

1.74 

-l'0.7 

11.9 

9.70 

9.76 

+1.6 

•01A 

g»i-. 

e ••S^NwRB 

TVW 

7.9 

1.11 

9.61 

1.09 

1.01 

-0.9 

0.90 

1.41 

1.40 

-1.4 

901 

OOkaie 

OsUo 

6.1 

0.17 

4.71 

0.74 

0.79 

-1.4 

7.09 

0.00 

1.00 

+1.0 

•11 


TVW 

10.0 

9.00 

7.90 

4.11 

4.11 

-fl.5 

11.5 

5.00 

5.71 

-1.4 

•19 

COkmOe 

OsMo 

6.9 

1.69 

4.71 

1.90 

1.97 

-1.4 

7.00 

1.M 

1.00 

+0.5 

•M 

FHaiMSI 

TVW 

7.9 

4.00 

9.61 

9.99 

9.94 

--0.9 

0.90 

4.55 

4.50 

+0.7 

•llA 

FUssmuI 

TVW 

10.0 

10.10 

7.9 

•.90 

0.44 

-0.7 

11.90 

11.60 

11.56 

-0.3 

•M 

COkUa 

OsMo 

t.9 

9.09 

1.M 

4.11 

4.19 

-1-0.7 

9.19 

5.75 

5.70 

+0.5 

•61 


TVW 

11.0 

10.09 

9.19 

1.90 

9.40 

-H0.1 

19.75 

11.50 

11.50 

0 

900 


OsMo 

1.9 

9.00 

1.97 

4.09 

4.19 

+9.7 

9.19 

5.10 

5.71 

-1.4 

til 

COkUe 

OsMo 

6.9 

0.600 

4.71 

0.904 

0.901 

-0.4 

7.10 

0.615 

0.607 

+0.9 

1616 

FNaaMSl 

OsWt 

1.9 

4.90 

1.97 

9.07 

4.10 

+9.9 

9.19 

5.79 

5.61 

-1.1 

1M4 

FHssmiiI 

OsMo 

1.9 

1.19 

1.17 

1.47 

1.99 

+4.1 

9.19 

1.11 

1.00 

-1.4 

9090 

Csiiods 

OsMo 

6.9 

0.979 

4.71 

0.400 

0.401 

-1.6 

7.00 

0.657 

0.657 

0 

•091 

Grthods 

OsMo 

6.9 

0.609 

4.71 

0.919 

0.906 

-1.0 

7.01 

0.601 

0.603 

+0.6 

•019 

Fllaiasst 

TVW 

6.9 

1.04 

4.71 

1.65 

1.61 

-1.4 

1.99 

1.10 

1.11 

+1.4 

fOOl 

CaHiods 

OsMo 

6.9 

0.197 

4.71 

0.199 

1.91 

-9.0 

1.99 

0.177 

0.170 

+1.1 

1T4 

FHtsisst 

OsMo 

1.4 

0.0919 

1.09 

0.049 

0.044 

+1.1 

1.75 

0.0619 

0.0600 

-1.1 

0901 

Csihods 

OsMo 

6.9 

0.910 

4.71 

1.61 

1.90 

-0.1 

7.00 

0.951 

0.355 

+0.0 

om 

CsAods 

OsMo 

6.9 

0.190 

4.71 

0.110 

1.19 

-9.1 

7.10 

0.170 

0.171 

+1.1 

1tA6 

filhndfi 

OsMo 

11.4 

0.196 

0.4S 

0.194 

1.90 

-9.0 

15.75 

0.177 

0.17S 

+0.6 

tAfI 

CaHiods 

OsMo 

6.9 

0.909 

4.71 

0.901 

0.400 

-1.0 

7.90 

0.669 

0.600 

+1.7 


ment operating conditions within 
the usual desired engineering ac¬ 
curacy for electron tube applica¬ 
tions. These curves should not be 
used when an accuracy within db8.6 
percent for fUament current is de¬ 
sired with a dt:25 percent change in 
filament voltage. The percentage 
of error in all equations converges 
to aero as the ratio of EJE. ap- 
proadies unity, or the smaller the 
percentage change of voltage in the 
transposition the smaller the de¬ 
gree of error. A limited number of 
tjrpes of fllahients and heaters have 
been examined and found to give 
good agreement with the curves of 
Pig. 1. The accuracy of the volt- 
ampere characteristic can be es¬ 
tablished by experimentally deter¬ 
mining (n^ - nr)/(n^ + nj) for the 
particular application. This deter¬ 


mination may be made from the re¬ 
lation 

Si> "" Sr _ log (Et/Bt) 

n. -h »r " log (/i//f) 

where h, Ex and E^ are currents 
and voltages at known operating 
points. 

Once the value of (n« — nr)/(n« 
-f nr) has been established over the 
probable application range of volt¬ 
age the operating conditions of a 
group of filaments in series may 
then be predicted for various sup¬ 
ply voltages. This permits the sup¬ 
ply voltage tolerance to be estab¬ 
lished such that the applied filament 
voltage tolerance may not be ex¬ 
ceeded. 

The solutions given here repre¬ 
sent the steady-state conditions and 
do not indicate what may happen 
during the initial application of 


voltage or for short-time voltage 
transients. 

The writer is indebted to Mr. 
A. C. Grimm for suggestions as to 
the method of attack in the solution 
of a group of tubes in series and to 
Mr, E. E. Spitzer for his criticism 
and suggestions in the preparation 
of this manuscript. 
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Graphical Determination of Operating 
Point of Self-Biased Tube 


In checking vacuum tube circuits, 
the problem of finding the proper 
operating point on the static char* 


ly ARTHUR SCHACH 

acteristic curve frequently arises. 
The circuit of Fig. 1 shows the data 
usually given: the supply voltage 


(E„) applied across the tube, a 
plate resistor {R), and a cathode 
resistor {R,) in series. 
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Fig. 1—EiientlaU of typical self-biasod 
•tago 

The usual method of solution is 
one of successive approximations. 
First the load line corresponding to 
R (or R -f- /?*, if Rk is not negli¬ 
gible in comparison with R) is 
drawn on the plate characteristic 
chart. Then a guess is made at a 
likely plate current, and the volt¬ 
age drop that this would produce 
across Ru is computed. Next, 
there is read from the load line 
the current which would result 
from a bias equal to the computed 
drop. The whole process is re¬ 
peated several times until a cur¬ 
rent is obtained which differs only 
slightly from the previous approxi¬ 
mation. 

If an error of several ma may be 
neglected, we might stop at the sec¬ 
ond current obtained (i.e., the first 
computed current), and take the 
mean of it and the initial guess. 
The error incurred will depend on 
the accuracy of the initial guess. 

But, quite as expeditiously, we 
can obtain the true limit of the 
above process, and hence, the exact 
solution of the problem, by the 
following procedure for which an 
example is worked out in Fig. 2. 

(1) Note the intersection of the 
load line with the zero-bias curve 
(A, Fig. 2} and mark the point A' 
vertically below it on the voltage 
axis. 

(2) Choose a convenient plate 
current, /•, (preferably less than 
that corresponding to A) and cal¬ 
culate the drop it would produce 
across JRk. 

(3) Locate the point B, on the 
load line, which corresponds to 
a grid-bias equal to the drop just 
calculated, and mark the point B" 
vertically above or below B on the 
horizontal line corresponding to 
the chosen current 



Fig. 2—Graphical lolutton illustrating ths msthod doscribsd in the text. Ths 
current /«i was taksn as 5 ma as suggsstsd in stsp 2 


(4) Draw A^B'. Its intersection, 
P, with the load line i.s the required 
operating point. 

If a constant bias is superim¬ 
posed upon the self-bias, the 
method of solution is the same if 
we allow the grid-bias curve cor¬ 
responding to the constant bias to 
play the same role as the zero-bias 
curve plays in the method a.s out¬ 
lined above. That is to say, if the 
constant bias is e,, the point A will 
then be the intersection of the load 
line with the bias curve for Ce = 
€«• 

The correctness of the method 
just described rests on the assump¬ 
tion that the constant-grid-bias 
curves, corresponding to etiual in¬ 
crements of grid-bias voltage, cut 
the load line into equal segments. 
Within the limits of graphical ac¬ 
curacy, this assumption is nearly 
always justified. 

Figure 3 is a repetition of part 
of Fig. 2 plus the points 5", P\ 
and 0. whose geometrical relation¬ 
ship to the others is made clear 
in the figure. Now, if /, is the 
plate current chosen in step 2, 
then the current corresponding to 
P will be 



In virtue of the similarity of t: i- 
angles A'PT and A'QB' this i.s 
equal to 

rr.j 

QB' 

and this would produce in R^ a 
drop equal to 

pt p 

But, by construction, the bias cor¬ 
responding to B is IJik- Hence, be¬ 
cause of the above-mentioned as- 



Fig. S—A portloB ol fig. 2 showliig Urn 
ggcMnelrleal rgtolleMililp of Hig vcurleiM 
pofailB dlBOMsgd la tlw ImU 
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sumption, the bias correspondinjj 
to P is 

which, in virtue of the similarity of 


triangles AP'P and AB"B and be- 
taust* AB*' = QB\ is equal to 
P' P 

(i) 

But the equality of (1) and (2) 


proves that P is the desired solu¬ 
tion; i.e., that the plate current 
corresponding to P produces a drop 
in Rk equal to the grid-bias cor¬ 
responding to P. 


Tube Failures in Eniac 

Analysis of causes of tube failures in 18,800*tube electronic 
computing machine during one year of operation shows that 
open heaters and damaged cathode coatings are chief 
troubles. An average of two tubes failed each time the a-c 
supply to the heaters was shut down 

By F. ROBERT MICHAEL 


T he Electronic Numerical Inte¬ 
grator and Computor (ENIAC) 
provides, after a year of operation, 
unique life test information in the 
failures among its 18,800 vacuum 
tubes and their chronological occur¬ 
rence during that year. All tubes 
which failed were opened and ex¬ 
amined with a binocular micro¬ 
scope, and all noticeable defects 
were classified and recorded. The 
various faults which caused tube 
failure are illustrated and discussed 
here, and in several cases their rate 
of occurrence is plotted against 
time. 

In the ENIAC, numbers are rep¬ 
resented by combinations of elec¬ 
trical pulses, and the pulse system is 
used for the transmission of orders 
as well. Pulse repetition rate is 100 
kc, with rise times of approximately 
0.2 and 0.6 /x sec for pulse durations 
of 2 and greater than 10 /x sec re¬ 
spectively. Pulse amplitudes range 
from 16 to 60 volts in most cases. 
The numbers of vacuum tubes used 
and their general functions are 
shown in Table I, along with the 
numbers of failures for each type. 

Operotlag PraefIcM 

The vacuum-tube heaters were in 
operation approximately 80 percent 
of the time from November 1946 to 
November 1946, amounting to 7,000 
hours. Heater circuits were turned 


off at night for the first few months, 
and during this period a compara¬ 
tively large number of tube fail¬ 
ures resulted from heater-to-cath- 
ode shorts. It was felt that these 
failures might be due to initial 
current surges in the a-c circuit. 
Investigation showed the transient 
current to be approximately four 
times steady state, which agrees 
well with the hot-to-cold resistance 
ratio of tungsten heaters at 1,000 
to 1,200 degrees K. 

It was necessary at that time to 
allow any corrective circuit change 
to wait until the scheduled moving 
of the ENIAC to Aberdeen, Mary¬ 
land, and to leave the heater cir¬ 
cuits on 24 hours a day with the 
exception of accidental power fail¬ 
ures. The rate of failure for a-c 
shut downs averaged about two 
tube failures out of 18,800 per 
heater shut down, which was a 
small rate but undesirable because 
of the time required to locate and 
replace failures. 

Meanwhile a series of experi¬ 
ments was started, using 1(K) tube 
samples, to determine whether a 
graduated application of voltage 
would materially reduce the rate of 
failure caused when heaters were 
turned off and on. Such experiments 
showed no difference between the 
group of tubes to which full volt¬ 
age was applied at once and those 


receiving a gradual application of 
voltage. 

It was the practice to shut off the 
d-c .supply each night and at any 
time the ENIAC was left unat¬ 
tended except when it was actually 
working on a problem. No correla¬ 
tion between d-c supply voltage 
shut downs and tube failure rate 
was noticed. 

Tube life and probability for 
failure are important considera¬ 
tions when a large number of vac¬ 
uum tubes is involved; especially 
when, because of ENIAC’s high 
speed, so much possible work is lost 
in breakdown time. Design center 
values were therefore chosen con¬ 
servatively. 

Heater voltages were designed 
for 96 percent of rated voltage or 
6.0 volts Tt: 0.1, although they aver¬ 
aged about 5.9 volts. Grid current 
was limited to 1 ma, with 0.5 ma 
average current. Grids were swung 
negative three times the cutoff volt¬ 
age, but not exceeding 150 volts 
negative to the cathode. 

Plate voltage was set at 60 per¬ 
cent of maximum ccs (continuous 
commercial service) rating, plate 
current at 25 percent maximum ccs 
rating, screen voltage at 60 percent 
maximum ccs rating, and screen 
current at 25 percent maximum ccs 
rating. 

Maximum heater-to-cathode po- 
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TabI* I—Siunmciry of Tub* FallurM In ENIAC 

Num* Percent 
Approx. Per- berof of6U 
Num- cent Tubes Tubes 


Type 

her of 
Tubea 

of 

18,800 

Re¬ 

moved 

Re¬ 

moved 

General Use 

6SN7 Twin Triode 

6,550 

35.0 

200 

31.0 

Trigger and pulse counting 
circuits; also normally-on 
amplifier 

61^ Reiim Power 

1,200 

22.0 

175 

27.2 

Pulse amplifier; transmis¬ 
sion normally off. pulsed on 

6SA7 Pentagrid 
Converter 

2,600 

14.1 

50 

7.8 

Coincidence tube, normally 
off; turned on by pulsing 
both grids; called gate 

6SJ7 Triple Grid 
Amplifier 

1,500 

8.0 

20 

3.1 

Input pulse amplifier; 
normally off 

6V6 Beam Power 

1,300 

7.0 

25 

3.9 

Pulse-forming circuits: 
normally on, pulsed off 

6L7 Pentagrid Mixer 

1,200 

6.5 

35 

.>.4 

Use similar to 6SAT 

6 AC7 Television 
Pentode 

500 

2.5 

no 

17.1 

Normally on; input ampli¬ 
fier with critical cutoff 

807 (Enlarged 6L6) 

350 

l.B 

20 

3.1 

Power amplifier, high volt¬ 
age swings; normally off 

6J5 Detector Triode 

300 

1.6 

2 

0.3 

Amplifier; normally on 

6Y6 Beam Power 

300 

1.6 

7 

1.1 

Amplifier; norm illy on 


18,800 

100.0 

644 

100.0 



tential was limited to =±: 60 volts, 
with one side of all heaters tied to 
a d-c potential. Power supply volt¬ 
ages were bypassed to cut signal 
hash and a-c hum to 2 percent 
(peak to peak) of the d-c magni¬ 
tude. 

Standard commercial receiving 
tubes with octal bases were pur¬ 
chased throughout 1943 to 1945 
from a number of manufacturers 
and were tested individually for 
acceptance before use in the 
ENIAC. Allowance was made for a 
db 60 percent cutoff voltage varia¬ 
tion and a zd 40 percent variation 
in Tp for all tubes with the excep¬ 
tion of cutoff in 6AC7. This latter 
was held to a dz 0.5 volt tolerance. 
Approximately 5 percent of all 
tubes were rejected except 6AC7, in 
which case about 40 percent were 
rejected. 

Take Pallare Reeordt 

It was evident that keeping a rec¬ 
ord of tube failures would allow 
anticipation of more troublesome 
period in operation. Investigation 
of causes of failures gave informa¬ 
tion for possible circuit changes and 
tube speciflcations which would per¬ 
mit further reduction of break¬ 
downs^ increasing the reliability of 
operation. An attempt was made to 
open each tube that failed in a way 
that would not change the internal 
conditions at the time of failure. 

Figure 1 provides a graphic rec¬ 
ord of tube failure per month for 
the 614 tubes removed from the 
ENIAC. The downward trend from 
November 1945 to March 1946 is 
probably marking the decreasing 
number of tubes at the borderline 
of acceptability when placed in op¬ 
eration in the ENIAC. This down¬ 
ward trend in rate of failure for the 
first 1,000 hours or »o is normal ex¬ 
perience when using large numbers 
of tubes. The peak in August 1946 
is due largely to a complete over¬ 
haul given the machine in prepara¬ 
tion for a problem which used its 
facilities to the utmost 
The five major causes of these 
644 tube failures were: (1) c^n 
heater wire; (2) damaged oxide 
cathode coating; (8) internal leads 
and supports dangerously close; (4) 
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open electrode spotwelds; (5) 
bumed-open shorts. Open or dam¬ 
aged heaters accounted for 270 
failures and damaged cathodes 
caused 150 failures, while the re¬ 
maining three types of faults ac¬ 
counted for between 50 and 100 fail¬ 
ures each. 

The 6SA7 tubes (14 percent of all 
tubes used in ENIAC) were con¬ 
structed with the twisted type 
heater, and had no open-heater 
faults. The 6L6 tubes (22 percent) 
were constructed with straight or 
looped heaters and gave 15 percent 
of all open-heater failures. The 
6SN7 tubes (86 percent) were con¬ 
structed witti both types of heaters. 



and contributed 75 percent of all 
open-heater failures, of which 15 
percent were in twisted heaters 
and the remainder in straight heat¬ 
ers. The remaining 10 percent of 
open-heater failures came from 
tubes having straight heaters. 

The fact that 57 percent of all 
tubes in the ENIAC produced 90 
percent of the heater failures indi¬ 
cated possibilities of faults peculiar 
to these two types (6L6 and 6SN7). 
It was found that the straight 
folded-type heaters in these types» 
combined with certain manufactur¬ 
ing features, were mainly respon¬ 
sible for the failures. 

In most of the open-heater faults 
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of the twisted type, the heater wire 
had pulled away from the support 
wire. Such faults in both straight 
and twisted heaters seem to occur 
only when the spot weld between 
the heater and support wire has 
not imbedded the tungsten heater 
wire sufficiently in the softer metal 
(Ni alloy) support. 

Examination of straight heaters 
showed approximately 90 percent 
of all faulty tubes with straight 
heaters either had the insulating 
coating chipped off their bends, bar¬ 
ing the tungsten wire with addi¬ 
tional circumferential cracks over 
its length, or appeared to have had 
their insulating coatings shifted 
away from the bend while in a semi- 
licpiid state. The latter were prob¬ 
ably coated by dipping, and tilted 
before they were dry. The first con¬ 
dition was the more prevalent. It is 
common practice in manufacturing 
to coat the tungsten wire by proc¬ 
essing it while being wound from 
one spool onto another. The coated, 
spooled wire is then bent into the 
straight heater folds. In so bend¬ 
ing, the coating cracks, baring some 
bends. A more elastic insulating 
coating is being sought by tube 
manufacturers. 

Few twisted heaters showed 
chipped insulating coating and ex¬ 
posed bends. The 6L6 straight heat¬ 
ers gave most of their trouble in 
cathode-to-heater Jeaxs. Figure 2 
shows, for all tubes inspected, the 
rate of failures per month traceable 
to chipped or otherwise bared 
heater faults. Separate curves for 
twisted and straight-type heaters 
are included for comparison. 

In an attempt to correlate a-c 
shutdowns with tube failures, a 
rack of 100 6L6 and 100 6SN7 tubes 
was tested by applying full heater 
voltage long enough for tubes to 
heat, and turning tubes off till cool, 
with this cycle being repeated con¬ 
tinually. In the same rack another 
100 6L6 and 100 6SN7 tubes were 
similarly cycled, but with heater 
voltage applied in steps to approxi¬ 
mate a constant linear expansion in 
the heaters. This test showed little 
difference in tube failures between 
samples over a period of eight 
monilui. 


One other fault noticed with heat¬ 
ers had to do with their mountings. 
Figure 3 shows the various types of 
heater mountings encountered in 
this investigation. In the case of 
single-heater tubes, the support 
wires are cut to the same length 
and bent into position. The heater 
wires should be run parallel far 



FIG. 3—Types ol heoter mountings on* 
countered in ENIAC tubes 



no. 4--Failures trooeable to blistered 
oxide cothode coatings, causing low 
enUsslon 

enough apart so that the supports 
do not touch, and close enough to 
slip easily into the cathode sleeve. 
Heaters were observed with the in¬ 
sulating coating worn away by rub¬ 
bing of the cathode sleeve edge dur¬ 
ing vibration, expansion, and con¬ 
traction. For this consideration 
the construction of Fig. 3A proves 
better than that of Fig. 3B. 

If one support were cut shoi ter 
before bending, as in Fig. SC, the 
supports could be closer without 
shorting, providing the heater wire 
is insulated down beyond the upper 
support. The heater would not then 
be spread, and chances of rubbing 
its insulating coating against the 


edge of the cathode sleeve would be 
minimized. 

Of the two 6SN7 double mount¬ 
ings, that of Fig. 3E seemed to be 
the neater and less troublesome in 
this investigation. The upright 
posts in Fig. 3D provided more ob¬ 
struction to the pliable cathode 
bands, causing the bands to short 
and burn open; actually, however, 
this mounting allows closer, more 
parallel heater wires to enter the 
cathode sleeve. 

Domogad Cothode Coating 

With little exception, the main 
damage to cathode coatings was 
blistering—an uneven, bubble-like 
puff of oxide coating which when 
broken away exposes the bare cath¬ 
ode sleeve. Other damages, noted 
rarely, were burns or holes adja¬ 
cent to shorted electrodes. 

Rates of failures per month due 
to damaged oxide coatings are 
shown in Fig. 4 for all tubes and 
for 6SN7 tubes individually. The 
same tendency was noted for each 
other tube type. The curves turn 
upward in the vicinity of March, 
when the ENIAC was being used to 
capacity. The percentage increase 
in failures is many times greater 
than the approximate percentage of 
additional tubes used in March, 
which would indicate that blister¬ 
ing involves an aging effect. 

As would be expected, most of the 
tubes with blistered cathodes wertj 
removed because of low emission. 
The most acceptable answer to blis¬ 
tering seems to be that of gas for¬ 
mation between sleeve and coating. 
This effect would increase with age 
if the following is assumed. Many 
cylindrical cathode sleeves, such as 
6SN7, are made with seams down 
their length. During processing, 
these sleeves are exposed to oil (or 
some other liquid) baths. If not 
thoroughly cleaned before the oxide 
coating is applied, the liquid, if 
thin enough, will inhltrate the seam 
and be covered with the oxide coat¬ 
ing. In use, the heated liquid would 
diffuse through the coating along 
the surface of the cathode sleeve 
and liberate gas, causing blisters. 

Support wires are considered to 
be those wires which leave the tube 
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base pins to pass through the glass 
stem and press into the evacuated 
envelope. In some cases these sup- 
port wires are bent and spot-welded 
directly onto the electrode struc¬ 
ture. In other cases a thin» pliable 
copper or nickel band, here called 
a lead, is used to connect the sup¬ 
port to the electrode structure. 

The compromise necessary be¬ 
tween the spread of the heater 
wires entering the cathode sleeve 
and the closeness of their supports 
can be responsible for shorted heat¬ 
ers. 

The most dangerous of all near¬ 
shorts seemed to be those involving 
the pliable lead bands connecting 
support wire to electrode post or an¬ 
other support wire. These bands are 
usually used long enough to provide 
necessary slack for running them 
around other supports. In some 
cases the cathode bands are curved 
to avoid the control grid supports, 
only to be curved too close to each 
other. If the cathodes are at an ap¬ 
preciable voltage difference with re¬ 
spect to each other, their bands may 
touch from expansion or the elec¬ 
trostatic pull between them. In 
pentagrid tubes, with numerous 
electrode posts, the cathode band is 


very often quite close to a support 
wire. 

Approximately 100 of the tubes 
removed from the ENIAC had near 
shorts. Percentages of these fail¬ 
ures for each type of tube indicate 
that near shorts are of general oc¬ 
currence in all types. 

Failures discussed here are those 
in which tubes investigated showed 
an internally open connection be¬ 
tween support wires and electrode 
posts. No cases were found in 
which a lead band had pulled away 
from another wire. 

Open Electrode Spetweldi 

With open spot welds (other than 
open heater-to-8upport spotwelds, 
already covered) it was not possible 
to identify definite characteristics 
of the opened spotwelds that might 
indicate faulty welds, though dis¬ 
coloration from the heat of the 
weld was seen. 

Records of the rate of these ap¬ 
proximately 50 failures with time 
show no significant tendencies, and 
the distribution among the various 
tube types is in rough proportion 
to the relative number of the tubes 
of each type employed in the 
ENIAC. 


A few cases were found in which 
the screen support had pulled away 
from the screen grid post, and con¬ 
sequently touched or nearly touched 
the plate support. In most cases the 
size of the bend in the screen sup¬ 
port decided whether it shorted or 
not. 

iHrned-OpcH Shorts 

Initial reasons for these shorts 
were usually burned away, hence a 
separate classification was made 
even though causes may have been 
one or more of the faults previously 
taken up. Tabulation gave a ran¬ 
dom distribution of failures with 
time, in rough proportion to the 
numbers of tubes of each type in 
the ENIAC. 

The author wishes to acknowl¬ 
edge the helpful criticism given by 
Thomas Kite Sharpless of the 
Moore School of Electrical Engi¬ 
neering Research Division, Uni¬ 
versity of Pennsylvania, who is 
chief engineer of the EDVAC proj¬ 
ect (Electronic Discrete Variable 
Computer—a faster, more compact, 
and more versatile successor to the 
ENIAC). Appreciation is also ex¬ 
pressed for the untiring efforts of 
Viola Andreoni, project worker. 


Producing Tube Curves on on Oscilloscope 

Stepping circuit switches grid voltage after each characteristic curve is traced on cathode- 
ray oscilloscope. In this way a complete family of curves is automatically produced. 
Equipment makes possible rapid and detailed studies of all factors affecting tube operation 

By HENRY E. WEBKINB 


A n easy and f ommon method of 
I predicting performance of vac¬ 
uum tubes is by using plate-current 
versus plate-voltage characteristic 
curves, commonly called plate char¬ 
acteristic curves, and plate-current 
versus grid-voltage or transfer 
characteristic curves. From these 
curves it is possible to determine, 
among other things, plate resis¬ 
tance of the tube, amplification 
factor, transconductance, power 


output, and percentage of harmonic 
distortion introduced. 

Useful as they may be, ordinarily 
available curves are subject to limi¬ 
tations. For instance, plate charac¬ 
teristic curves such as are given in 
tube manuals and electronic books 
are usually static curves and, for 
pentodes, are given only for one 
particular set of screen and sup¬ 
pressor grid voltages. From the de¬ 
signer’s standpoint, a set of char¬ 


acteristic curves for each possiUe 
combination of these voltages would 
be very advantageous. Tl^th such 
a set of curves, it would be easy to 
select the optimum set of conditions 
under whidi to operate the particu¬ 
lar tube. In the design of audio 
amplifiers, for example, it would 
be a relativdy simple problem to 
select the set of operating condi¬ 
tions under which a given output 
could be obtained with rntnianim 
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distortion. In electronic control 
sjrstems, where the irregular por¬ 
tions of the characteristic curves 
are utilized, a complete set of these 
curves would enable the designer to 
pick the operating conditions under 
which these irregularities could be 
used to greatest advantage. 

Desirable as it would be, to in¬ 
clude in tube manuals such a set of 
curves is impractical, because of the 
vast number that would be required. 
The designer then has two choices. 
He may be satisfied with one set of 
static curves from which to make 
his calculations or he may actually 
plot, point by point, a set of curves 
for each given set of conditions. 
Such a process is long and laborious 
and unless an excessive number of 
readings are taken, small irregu¬ 
larities, such as appear on 6L6 


characteristic curves, are not 
likely to show. 

Instead of manually plotting such 
curves, the circuit given here offers 
a method of showing these char¬ 
acteristic curves on the screen of a 
cathode-ray tube.' By the use of a 
few calibrated controls, it is pos¬ 
sible to produce practically any com¬ 
bination of operating conditions 
and to observe the shape of the 
curves under these conditions, as 
demonstrated by the accompanying 
traces obtained with this equip¬ 
ment. These curve{^'t>ffer a visual 
indication of the changes in such 
things as amplification and linear¬ 
ity with changes in operating con¬ 
ditions. Additional flexibility is 
provided by controls on the front 
panel which vary the magnitude of 
the grid bias steps as well as the 


number of steps. Consequently, any 
number of curves with any desired 
spacing may be shown on the 
screen of the cathode-ray tube. 

In addition to the plate charac¬ 
teristic curves, this circuit (by 
changing connections to the tube 
under test) is capable of producing 
a dynamic transfer characteristic 
curve (grid-voltage versus plate- 
current curve) on the screen of the 
cathode-ray tube. As with the plate 
characteristic curves, the operating 
conditions under which this trans¬ 
fer characteristic curve is produced 
may be varied, giving a visual indi¬ 
cation of the corresponding changes 
in the shape of the curve. Because 
this is a dynamic curve, nonlinear¬ 
ity of the curve itself indicates the 
amount of distortion that will be 
produced by the tube when oper- 
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Fomily of plalo ciirvoi for 8SK7 


Typo $SK7 connoctod oo totrode 


Plato charactorlstics of 6JS 


ated under the given conditions. 
This fact is utilized a great deal 
in the design of audio amplifiers 
even though the usual manner of 
obtaining such a curve is to plot it 
with values obtained from the 
tube’s plate characteristic curves. 
The technique has also been used 
to measure tube characteristics 
under extreme conditions/ 

The equipment is so constructed 
that any type of tube can be tested. 
Meters are built in to indicate the 
various element voltages. A switch 
located in the middle of the larger 
panel has five positions and enables 
the operator to show curves of (1) 
plate current versus plate voltage, 
(2) screen current versus plate 
voltage, (3) plate current versus 
control grid voltage, (4) screen 
current versus control grid voltage, 
and (6) output waveform of the 
tube with an external signal ap¬ 
plied to the grid. 

Circuit Operation 

The block diagram shows the 
complete circuit. A 110-volt 400-cp8 
sinewave (readily available from 
surplus aircraft dynamotors) is 
fed into the primary of the trans¬ 
former, producing sinewave volt¬ 
ages across both secondary wind¬ 
ings. The high frequency is used to 
avoid flidcer oi^ the cathode-ray 
tube, which would be noticeable at 
60 cps. The 800-volt rms voltage 
across the upper winding is applied 
to the tube under test and also pro¬ 
vides the horizontal sweep for the 
cathode-ray tube. Because the plate 
current of the tube under test flows 
through the small grounded re¬ 
sistor connected to the upper wind¬ 
ing, the voltage across this resistor, 
when amplified and applied to the 


vertical plates of the cathode-ray 
oscilloscope, produces a vertical de¬ 
flection proportional to the plate 
current in the tube under test and 
in synchronism with the corres¬ 
ponding plate voltage independently 
of waveshape. Thus the curve 
traced on the screen of the oscil¬ 
loscope will be a graph of plate cur¬ 
rent versus plate voltage or a 
plate characteristic curve. 

The output voltage of the lower 
transformer secondary winding is 
first fed into a squaring (over¬ 
driven) amplifier. (Coming from 
the common source, this voltage is 
in synchronism with that applied 
to the tube under test.) This am¬ 
plifier changes the sinewave input 
into a squarewave and changes the 
phase by 180 degrees. The resultant 
squarewave is fed into the first 
electronic switch, which in turn 
applies voltage on alternate half¬ 
cycles to the stepping circuit, the 
switch being closed during positive 
half-cycles of its squarewave input 
and open during negative half-cy¬ 
cles. 

The stepping circuit is so ar¬ 
ranged that each time voltage is ap¬ 
plied, its output voltage will in¬ 
crease by a predetermined amount. 
Because the first electronic switch 
applies voltage to the stepping cir¬ 
cuit only on alternate half-cycles, 
the output voltage will correspond¬ 
ingly increase only on alternate 
half-cycles. Consequently the volt¬ 
age on the grid of the tube under 
test, which is controlled by the step¬ 
ping circuit, changes only during 
the time that its plate voltage is 
negative and consequently when it 
is not conducting. The grid voltage 
remains constant during the posi¬ 
tive half-cycle of the applied sine¬ 


wave (the time during which the 
plate characteristic curve is traced 
on the screen), but has a larger 
negative value for each successive 
positive half-cycle of plate voltage. 
Thus each successive characteris¬ 
tic curve traced on the screen of 
the cathode-ray oscilloscope will be 
for a larger value of grid bias, and 
a complete family of curves is 
traced. 

This process continues until the 
maximum desired value of grid bias 
is reached. At this time, the sec¬ 
ond electronic switch operates long 
enough to reduce the stepping cir¬ 
cuit output voltage to zero. The 
stepping process is then repeated. 

The output of the lower second¬ 
ary is also fed into a 90-degree 
phase-shifter (lOXr^SB) and its 
output in turn is applied to the un¬ 
blanking pulse generator (squar¬ 
ing amplifier). Its squarewave out¬ 
put, applied to the control grid of 
the cathode-ray tube, is used to in¬ 
crease the beam intensity during 
the time that the plate voltage of 
the tube under test is increasing 
and thus during the first quarter- 
cycle of the applied sinewave, or 
for the time that each plate charac¬ 
teristic curve is being traced on the 
screen of the oscilloscope. 

Sfappleg Circalf 

The second eleetronic switch, 
which disdiarges the grid voltage 
stepping circuit, is designed so that 
it remains open until the voltage 
across it builds up to a predeter¬ 
mined value, at which time it doses 
and remains dosed until the voltage 
across it decreases nearly to aero. 
As shown in the circuit diagram, in 
which all elements are in their same 
relative positions as in the block 
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diagram, thia second electronic 
switch can be a one-shot multivi¬ 
brator with the lefthand tube nor¬ 
mally beyond cutoff. The first elec¬ 
tronic switch is a gated pentode, 
while the stepping circuit proper is 
a variable capacitor having one 
value of 0.01 microfarad. 

During the positive half-cycle of 
the applied sinewave, the first elec¬ 
tronic switch is open (pentode cut 
off) and the capacitor in its out¬ 
put is charged through one half of 
the duodiode to approximately the 
d-c power supply voltage. The R-C 
time constant of this circuit should 
be a small fraction (1/20) of the 
period of the base frequency to per¬ 
mit full charging in the half-cycle. 
During the negative half-cycle of 
the input sinewave (squared be¬ 
fore being applied to the switch) 
this switch is closed and its output 
capacitor discharges through the 
other half of the duodiode, thereby 
charging the grid voltage stepping 
capacitor and making the grid of 
the tube under test become more 
negative with respect to ground. 
The voltage step produced across 
the stepping circuit depends on the 
ratio of its capacitor to that in the 
output of the first switch and the 
plate d-c supply voltage (]Vjr:CJ?»,i/ 
Cl,, where N is the voltage of each 
step). The second electronic switch 
is open during this operation. 

The charging of the stepping cir¬ 
cuit capacitor continues every al¬ 
ternate half-cycle, maintaining 
the phase relation to the input sine¬ 
wave shown in the block diagram. 
When the voltage across the step¬ 
ping circuit reaches a sufficiently 
high value, determined by the po¬ 
tentiometer in the multivibrator 
circuit, the lefthand triode of the 
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multivibrator conducts and the 
stepping circuit discharges through 
the diode in its cathode circuit. 
Thus this diode is the second elec¬ 
tronic switch and the multivibrator 
is the switch control. After the 
stepping circuit is substantially 
discharged, the multivibrator re¬ 
turns to normal. 

Vertatillfy of Applleofion 

The circuit can be built into a 
compact unit and arranged so that 
any ordinary type of tube can be 
tested. A calibrated switch can be 
provided for changing the magni¬ 
tude of grid voltage steps and a 
potentiometer for varying the num¬ 
ber of steps. A small resistor with 
a shorting switch, placed in the 
cathode circuit of the tube under 
teat, enables the operator to show 
the effect of cathode degeneration 
on the tube characteristic. Sim¬ 
ilarly, a switch in series with the 
screen by-pass capacitor will per¬ 
mit showing the effect of screen 
degeneration. Another potentiom¬ 
eter may be provided to vary the 
screen grid voltage of tetrode and 
pentode tubes. 

Some interesting observations 
may be made if a potentiometer is 
connected between the screen grid 
and ground with the suppressor 
grid connected to the movable arm. 
As the potential on the suppressor 
grid is varied from a positive value 
to zero, the characteristic curves 
change from those of a tetrode to 
those of a pentode. This effect is 
shown in the accompansring pic¬ 
tures. There are many possibilities 
for additional potentiometers and 
switches which will make the cir¬ 
cuit even more flexible. 

One of the main applications of 


this circuit, its use in the design of 
electronic circuits, has already been 
pointed out. This application offers 
the designer a method of easily try¬ 
ing all possible circuit combinations 
in order to ascertain the best com¬ 
bination for a particular case. It 
also affords him a method for not¬ 
ing the effects on the characteristic 
curves of such things as feedback 
and degeneration. 

In addition, an opportunity is 
provided for making a more detailed 
study of any portion of the curves 
by merely increasing the gain of 
the amplifier in the cathode-ray 
oscilloscope. Such an enlarged pic¬ 
ture would be useful, for instance, 
in the design of low-level audio 
amplifiers. These amplifiers are 
usually operated with such low plate 
voltages that the portion of the 
characteristic curves actually re¬ 
quired for design purposes is either 
not given or is too small to be of 
any practical value. 

This circuit can also be used to 
obtain a full set of characteristic 
curves and thus check the compar¬ 
ative performance of new tubes 
during manufacture. These curves 
can be photographed and used for 
further study. If small irregular¬ 
ities appear on the curves, that por¬ 
tion of the curves on which they 
appear can be enlarged on the 
screen of the cathode-ray tube, 
making it easier to determine their 
exact nature. 

Another application of this cir¬ 
cuit is its use as a lecture-room or 
laboratory demonstration appar¬ 
atus. It provides a positive means 
of demonstrating what happens to 
a tubers characteristic curves, and 
consequently to its operating char¬ 
acteristics, when element voltages 
are varied, when degeneration is 
used, and when various circuit 
parameters are changed. 
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Disk-Seal Tubes 

Altering conventional construction so that the tube elements become part of the electro¬ 
magnetic circuit improves high-frequency operation. Disk-seal tube design places the 
electron stream in the high-impedance region of a cavity resonator 

By E. B. McABTIBB 



FIG. l--Coinm«rclal 4ltk-«Dcil and lighthouM tubes 


T he demand for higher fre¬ 
quency and more power for 
new services and industries has 
grown as rapidly as research and 
development could push back the 
frontier. One of these outgrowths 
of research is the disk-seal tube. 
This new type tube, which includes 
that group known as Hghthouse 
tubes, is a development that has 
greatly extended the usable fre¬ 
quency spectrum and introduced a 
new concept of the relation between 
the electron tube and its associated 
circuit. 

TImi tesic Idee 

Electronically, the disk-seal tube, 
or more simply the disk tube, is a 
multi-electrode tube using the same 
space-charge control principle as 
conventional triodes, tetrodes and 
pentodes. 

Geometrically, it is a tube built 
from simple, smooth-surfaced disks 
and cylinders into a structure which 
usually, but not necessarily, has cir¬ 
cular symmetry. As we shall see, 
the ultrahigh-frequency property 
of any such metal shape is a design 
factor whose significance is just be¬ 
coming evident 


Philosophically, the disk tube is 
an embodiment of the principle that 
in the microwave field we can no 
longer speak of tubes and circuits 
as two distinct entities. It is neces¬ 
sary to think of a microwave oscil¬ 
lator, for example, not as an elec¬ 
tron tube with an attached circuit 
but rather as a single electrical sys¬ 
tem having one section walled off 



FIG. 2—Sotte eeastnietloa of diik-isttl tub# 


and evacuated to house the elec¬ 
tronic activity. 

A group of commercial disk tubes 
is shown in Fig. 1. Figure 2 is a 
cross-sectional view showing the 
basic mechanical features common 
to disk tubes. Figure 3 shows the 
constructional details of the 2C40 
lighthouse tube. 

Freqaency Limlfotioni of Convontional 
Tubot 

In trying to reach the highest 
possible oscillation frequency with 
a given tube one usually starts at a 
low frequency, using some stand¬ 
ard oscillator circuit such as the 
one in Fig. 4(a). The frequency 
is raised by decreasing L and C 
until the circuit looks like that in 
Fig. 4(b). A point is finally reached 
where the circuit has been made as 
small as possible and the tube is 
being operated at the maximum al¬ 
lowable plate power dissipation and 
voltage. The tube has reached its 
apparent maximum frequency. 

Let us study the circuit arrange¬ 
ment in Fig. 4(c), which is the 
same as that in Fig. 4(b) but with 
the interelectrode capacitances and 
the lead inductances shown. If the 
cathode is sufficiently isolated by 
the chokes, the radio-frequency 
potential of the cathode will be fixed 
with respect to the anode and grid 
by the two interelectrode capacitors 
Cm and Cm* Thus, Qie excitation or 
feedback voltage appears across 
Cm and is not adjustable. When we 
include these two capacitors, it 
becomes dear that Fig. 4(b) is the 
familiar Cdpitts oscillator dreuit 
which we might expect to operate 
in the usual way if It were not for a 
number of new factors which creep 
in as we try to drive the frequency 
higher. 

One reason why the frequency 
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FIG. 3—Mechanical details of the 2C40 lighthouse tube 


cannot be made higher lies in the 
indicated lead inductances and dis¬ 
tributed capacitance of the elec¬ 
trode structures. In many cases, 
the main oscillating circuit is a 
two-wire transmission line con¬ 
nected to the grid and anode; a line 
which, in addition to its desirable 
features, has several serious draw¬ 
backs. One is that, although a quar¬ 
ter-wave line in itself is physically 
large even at very short wave¬ 
lengths, the line is shortened by the 
interelectrode and stray capacitance 
of the tube elements until at some 
high frequency the part external 
to the tube vanishes. 

Another factor is the increased 
energy losses due to the electro¬ 
magnetic radiation from every part 
of the circuit. This becomes more 
severe as the tube electrodes and 
circuit elements become more com¬ 
parable in size to the wavelength. 
Usually this tube radiation becomes 
so large that little or no useful out¬ 
put can be obtained, or it may even 
prevent oscillations from starting. 
This radiation is always a major 
limitation on the impedance which 
can be developed with an unshielded 
system. 

ElactroR-Straom Trontit Tim# 

Still other difficulties arise from 
the electron transit time. When the 
electron transit time becomes com¬ 
parable with the oscillation period, 
some properties of the electron 
stream which were negligible at 
low frequency become important. 
This does not mean that an insu¬ 
perable barrier has been raised. It 
does mean that the system must be 
looked at in a far broader sense. 

Because of transit time of the 
electron stream, there will be a dis¬ 
sipative load introduced at the ex¬ 
citation or input terminals of the 
circuit. There will also be a phase 
angle between the excitation volt¬ 
age and the fundamental compon¬ 
ent of anode current such that the 
tube input and output voltages will 
almost never have the 180-degree 
phase relation common at low fre¬ 
quency. Phase angle as such need 
not be harmful provided we recog¬ 
nise and meet the added circuit re¬ 


quirements which it imposes. On 
the other hand, characteristics such 
as transconductance are adversely 
affected in comparison with d-c 
values so that there is an even 
greater need for efficient circuits 
than at low frequency. 

The feedback circuit in the oscil¬ 
lator must be capable of providing 
the necessary excitation voltage in 
spite of the extra driving power, as 
well as almost any phase angle be¬ 
tween its input and output voltages. 
But, with ^e arrangement shown 
in Fig. 4(c) the feedback voltage 
is almost entirely fixed both in 
amplitude and phase by the self and 
mutual reactances of the tube parts. 


None of these circuit elements can 
be adjusted and so above the fre¬ 
quency at which the phase relation 
between input and output becomes 
appreciably different than 180 de¬ 
grees, the feedback conditions for 
sustaining oscillation cannot be 
met. 

Use of Covity Rotosafors 

The frequency-determining cir¬ 
cuit connected between grid and 
anode of Fig. 4(b) can be reduced 
to a simple capacitance-shortened 
quarter-wave line by ignoring all 
direct-current parts of the circuit. 
Fig. 6(a) shows the simplified ex¬ 
tract from Fig. 4(b) together with 
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OMd, At hlqhw IraqiiaaciM tha liaa 
oaeiUotOT ahowa at (b) taplaeaa tba Itnapad 
eonalaat oadllalor. At attU blgbat IraouaB- 
eiaa tha fanportant ebeitit ataaianta Ua wlthlii 
tha tuba oa Uliiatratad at (c) 

the equivalent circuit We could 
have another tube and circuit 
coupled to this circuit at the high- 
current point as shown in Fig. 
6(b). In fact, many such ciicuits 
could be added as at Fig. 5(c), the 
ultimate being equivalent to the ro¬ 
tation of the circuit at Fig. 5(a) 
about an axis R to give the struc¬ 
ture shown in Fig. 5(d). The short¬ 
ened quarter-wave line in Fig. 6(a) 
has, by rotation, generated a closed 
metal structure made of two paral¬ 
lel flat metal disks joined by a cylin¬ 
drical hub at the center and ter¬ 
minated at the periphery by an an¬ 
nular ring capacitor. 

Continuing the same line of 
thought gives rise to other struc¬ 
tures such as that in Fig. 6. Such 
totally enclosed circuits or cavity 
resonators are ^ideally suited to 
nltrahigh-frequency ne^. The one 
shown in Fig. 6, for example, would 
be expected to Itove much the same 
current and voltage distribution as 
do the quarter-wave line sections 
from which it was developed and 
udiich make op its radii. 

This is a sound physical picture 
but inaccurate numerically. A more 
exact analysis must be based on the 
dectrical properties of the geomet¬ 



tonl IUgh4r«qu«iicr drcuit is shown diioctly 
bolow. (b) Two such circuits con bo 
InductiToly couplod. Coupling on iniinito 
aumbor of such circuits giros th# oloctricoi 
orrongonkont shown ot (c) and tho mochon- 
Icol orroagoaioal shown at (d) which is in 
offset o fignro of roToiutlon of tho oquiTO* 
lont circuit obout tho axis ff 

rical shape. A simple radial resona¬ 
tor and a quarter-wave open line 
are shown in Fig. 7, together with 
the current and voltage distribu¬ 
tion for each. In the uniform open 
line, the resonant line length is 0.25 
X, whereas in the resonator the 
radius is 0.38 X. 

The most important distinction 
between line and cavity is that the 
hollow resonator of Fig. 7 is self 
shielding. The electric and mag¬ 
netic fields exist wholly within the 
resonator. If the metal walls of the 
resonator are made a few times 
thicker than the skin thickness or 
depth of field penetration, there 
will be no appreciable coupling be¬ 
tween the space inside and that out¬ 
side the resonator and, therefore, 
there will be no energy lost by ra^ 
diation. 

If cavities are to be used to their 
fullest advantage, the electronic 



(b) 


FIG. 6—Chooaing a different axle of rero* 
lution from thot of Fig. 5 for the equlTolent 
circuit at (a) givee the mechanical arrange* 
ment at (b) which readily lende Iteeli to 
uee ae the electromagnetic boele of the 
diek-eeal tube; the electrodes for the 
electronic eyetem go at the center 

part and the electromagnetic part 
of the circuit must be considered as 
a unit. The disk tube brings about 
this union in a way illustrated by 
Fig. 8. Fig. 8(a) shows a vertical 
cross section of a simple radial 
resonator similar to that developed 
in Fig. 6. The point of maximum 
impedance occurs internally be¬ 
tween the two surfaces, S. It is here 
that the grid and anode connections 
would be made if the cavity were 
to be used in place of the open wire 
iine of Fig. 4(b). 

The genesis of the disk tube is 
obvious from here on, for, if the 
surfaces S are proper for grid and 
anode connections, it would be even 
better if they became the actual 
grid and anode electrodes. Fig. 
8(b) shows the development of such 
electrodes and Fig. 8(c) shows a 
section of a resonator containing 
the electrodes walled off and evacu¬ 
ated to form the upper part of the 
disk tube Illustrated in Fig. 2. The 
electronic circuit element has been 
coupled directly to the electromag¬ 
netic circuit element with very lit¬ 
tle geometric disturbance to either 
compement There is no anode- or 
grid-lead inductance in the brdi- 
nary sense. Neither is there ua* 
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wanted capacitance except that due 
to the active part of the electrodes. 
All of these metal surfaces help to 
shape and contain the electromag¬ 
netic field. By maintaining sub¬ 
stantial continuity of the metal sur¬ 
faces, the tube elements become an 
integrated part of the circuit 

Costrelleble Feedbosk 

The use of a cavity resonator 
goes a long way toward solving the 
problems posed by the output cir¬ 
cuit of our sample oscillator but 
some other problems—feedback for 
example — have not yet been 
touched. 

It was pointed out that one rea¬ 
son why the circuit of Fig. 4(c) 
fails is that it allows no adjustment 
of either the amplitude or phase of 



FIG. 7—B«soo«bI dimenaloBi of o cylladri- 
col corlty and a trcaiimkuton lino, ond tho 
curront and potontlol dlitrlbutloa of oocb 
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FIG. I--Tbe evetollea el Ibe dlik-eewl tsbe 
Imms e e srr H f te es a e t et 


the feedback voltage. The essen¬ 
tials of this circuit are redrawn in 
Pig. 9(a) using lumped circuits 
and showing the interelectrode ca¬ 
pacitances which fix the feedback 
voltage. 

A considerable amount of con¬ 
trol can be gained by including Cgi, 
in a tuned circuit as shown in Fig. 
9(b). This tuned input circuit 
should be a cavity resonator for the 
same reasons which prescribe a 
resonator for the output circuit. 
Frequently C,* is not large enough 
to provide adequate feedback and, 
in that case, it is supplemented by 
an added adjustable link. 

Figure 10, which shows two 
resonators having a common central 
wall, illustrates the general mechan¬ 
ical combination of a disk tube and 
a double resonator which has come 
to be known as the grid-return, 
grounded-grid or, more properly, 
the grid-separation circuit 

An important attribute of the 
disk tube is the physical separation 
of the input and output circuits 
which it permits. This is important 
because physical separation means 
electrical separation since, even 
though the central cavity-dividing 
wall and the grid disk are common 
to both resonators, the small depth 
of field penetration into this wall 
effectively keeps the electromag¬ 
netic fields within their own cavi¬ 
ties. In other words, C,* is the only 
coupling reactance left; the dozens 
of small coupling capacitances and 
mutual inductances between elec¬ 
trode parts and leads in conven¬ 
tional tube designs are eliminated. 

If it is desirable—and it is in 
some cases—may be made in¬ 
consequential by adding a screen 
grid. 

Through these features, the disk 
tube permits the use of distinct in¬ 
put and output circuits; the feed¬ 
back circuit between the two is re¬ 
duced to a known impedance and 
the various circuit parameters 
brought under individual control. 
These circuits have been the subject 
of much intensive study, both theo- 
rectical and physical, and several 
basic forms have been evolved. 

Figure 11 shows a cavity oscil¬ 
lator circuit The mechanical lay- 



(b) 


FIO. 9—Th« circuits ussd with ths dlsk- 
ssal tubs taks odrantags of ths latsrslse- 
trods copacitancss shown in drawing (o) 
by placing thsm in ths rssonont circuits 
as ot (b) 



FIG. 10 — ^Ths disk-ssal tubs and rssonotor 
squiTolsnt of tho lumpod-constont drcnlt 
shown at Fig. S (b) 


out of this circuit illustrates an¬ 
other very important property of 
the disk tubes. At very high fre¬ 
quencies. the electric field within 
the resonator and between elec¬ 
trodes pepetrates the metal sur¬ 
faces a distance in the order of 
only about one thousandth of an 
inch and therefore the current con¬ 
duction is entirely confined to 
those surfaces which are exposed 
to the electric field. Thus, there will 
be high frequency electric currents 
flowing on the inner surfaces of the 
resonators and none on their outer 
surfaces. One might say that the 
inner and outer surfaces are in¬ 
sulated. Heat, on the other hand, 
does penetrate the resonator walls 
and is conducted throughout^ the 
metaliic circuit These differing 
laws of behavior are the source of 
a most advantageous function 
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nOf 11—Mscbanical loyout of o diik«tool tube circuit showi unity of 
the tube proper with the wove circuit 


which occurs automatically in the 
disk tubes. 

In the disk tube, high-frequency 
energy flows from its point of 
origin on the anode surface into the 
resonator. On the other hand, heat 
generated at the anode flows 
through the solid anode rod to the 
outside of the resonator. This au¬ 
tomatic Altering permits anode 
cooling to be carried out by any 
appropriate method outside the 
cavity without interfering in any 
way with the high-frequency part 
of the system inside the cavity. The 
grid is cooled in the same manner 
so that troubles arising from pri¬ 
mary grid emission are greatly re¬ 
duced. 

Since the same reasoning applies 
in reverse, it is possible to locate 
the cathode heater together with 
all its power supply wiring wholly 
outside the cavities and free of 
ultrahigh-frequency field. 

The same filtering occurs with 
direct current or low-frequency 
alternating current and therefore 
power conneetiona can be made to 


the cavity system without the use 
of elaborate isolating chokes. 

Mechanically the disk seals in 
many of these tubes are made of a 
metal suitable for sealing to glass. 
High electrical conductivity is pre¬ 
served by a thin coating of copper 
or silver which, since it need be only 
a few thousandths of an inch thick, 
will not cause dangerous stresses in 
the vacuum seals. Again we take ad¬ 
vantage of the small field penetra¬ 
tion to fabricate a composite struc¬ 
ture having good electrical conduc¬ 
tivity as well as suitable mechani¬ 
cal properties. 

The parallel-plane electrodes offer 
an opportunity as well as pose a 
problem. To make efficient micro- 
wave tubes it is important to use 
the electron stream efficiently. The 
degree to which desirable elec¬ 
tronic properties are achieved may 
be judged by one or more of several 
criteria depending on the type of 
service considered. For Instance, 
we are always interested in low in¬ 
terelectrode capacitance and yet for 
a power amplifier we must not sac¬ 


rifice current-carrying ability. For 
this application we might use the 
ratio C/i, as a figure of merit. For 
low level amplifiers, where power 
gain and electron noise are impor¬ 
tant, we want the highest transcon¬ 
ductance possible for a given cur¬ 
rent. Here we are interested in a 
large ratio of For some jobs, 

interest will center on power gain 
and bandwidth. In almost every 
case, it is desirable that the transit 
angle be kept small. 

Monufacfttriiis ToltroncM 

When we examine the various 
criteria, we find generally that they 
are all improved by decreasing the 
interelectrode spacing, particularly 
the grid-cathode spacing. The 
end-on presentation of plane elec¬ 
trodes is an arrangement uniquely 
suited to this need. The electrodes 
require accurate positioning in only 
one major dimension rather than 
two as would be the case for cylin¬ 
drical electrodes. Tube construc¬ 
tion and assembly methods enable 
a tube like the 2C40 to be built with 
a cathode-grid spacing of 4.0 mils. 
Developmental tubes have been 
built with only 1.0 mil cathode-to- 
grid clearance. 

If space-charge control of the 
usual type is to be retained, the 
grid-wire size and pitch must be 
reduced in proportion otherwise it 
will become so coarse relative to the 
reduced interelectrode spacing that 
the electric field will become non- 
uniform between the grid and cath¬ 
ode. Under this condition, the low- 
frequency characteristics are poor 
and the high-frequency characteris¬ 
tics suffer even more severely from 
the resulting multiplicity of transit 
angles. 

Even more important is the need 
for keeping the electrodes parallel 
within rather small limits. The 
damage due to non-parallelism can 
be seen if one considers that, in 
tubes in which the transit angle is 
fairly large and the electrodes are 
misaligned, the current from one 
element of cathode area can have a 
quite different phase angle from 
that of neighboring areas. Since 
the high-frequency components of 
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current from these elements add 
vectorially, the resultant alternat¬ 
ing current may be quite small and 
bear no relation to the low-fre¬ 
quency or static characteristics of 
the tube. 

Liberal credit is due the mem¬ 
bers of the Naval Research Labor¬ 


atory and the Camp Evans Signal 
Laboratory who not only expedited 
the development work by their 
active interest and early support 
but helped apply the results with 
satisfying effect. 

Many men have contributed much 
to many phases of this work but 


more than ordinary credit is due 
Mr. R. J, Bondley and Mr. J. E. 
Beggs, who have been associated 
with the work almost from its in¬ 
ception and who, through individual 
effort and contribution, have solved 
many of the basic design problems 
in these tubes. 


Klystron Oscillators 


Operation of velocity-modulation oscillators is explained by correlating the theory of 
electron hunching with the performance of two coupled tuned circuits. Effects of reson¬ 
ator tuning, feedback and electrode voltages are analyzed and compared with experi¬ 
mental results obtained with a type 410-R/2K30 tube. Similarity to triodes is shown 


By A. E. HARRISON 


T hat Klystron oscillators and 
other velocity - modulation 
tubes utilize electron transit-time 
effects to convert an electron beam 
into radio-frequency energy intro¬ 
duces certain characteristics which 
will undoubtedly be of interest to 
radio engineers. This dependence 
upon transit time in a Klystron 
t>scillator causes the frequency of 
such tubes to be affected by the 
voltage applied to the tube. An¬ 
other equally important character¬ 
istic which is due to the dependence 
upon the transit time is the occur¬ 
rence of voltage modes, i.e., a Klys¬ 
tron oscillator will operate at cer¬ 
tain voltages for a given adjustment 
of the other variables, but is in¬ 
operative in the voltage region be¬ 
tween these modes.* In other 
respects these newer types of tubes 
are quite similar to the more fa¬ 
miliar triode oscillators, and it will 
be convenient to use these compari¬ 
sons in an explanation of the char¬ 
acteristics described above. 

Review of Boeeklse Theory 

A brief review of the principle of 
electron bunching will be made in 
order to compare the characteristics 
of velocity-modulation tubes with 
the plate current characteristics of 
more conventional vacuum tubes. 
The results from an analysis of 
coupled tuned circuits can then be 



FIG. 1—Secfttoncil tIsw of the double-resonator Klystron of the 
type discussed In the text 

combined with the tube character- justmenta are made of the tuning 
istice obtained from the electron of the resonators, or as tiie voltage 
bunching theory to explain the be- applied to the tube is varied. The 
havior of Klystron oscillators as ad- efFect of the phase and the magni- 
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tude of the feedback will also be 
considered, and the theoretical con¬ 
clusions will be compared with ex¬ 
perimental results obtained from 
the operation of a type 410-R/2K80 
Klystron used as an oscillator. 

Refdrences to the theory of elec¬ 
tron bunching have appeared in a 
number of publications’ ^ A short 
review of this material will aid in 
the understanding of velocity-modu¬ 
lation tubes. 

The sectional view of one type 
of Klystron which is shown in Fig. 
1 will be used to explain the theory 
of electron bunching. The tube is a 
figure of revolution about the axis 
AA. An electron gun furnishes a 
beam of electrons which are acceler¬ 
ated in the space between the cath¬ 
ode and the accelerating grid. The 
beam continues to move beyond this 
grid with a high average velocity, 
and therefore the transit time of 
the electrons past the resonator 
grids corresponds to a small frac¬ 
tion of a cycle. The fact that the 
electrons are accelerated to a high 
velocity before being acted upon by 
a radio-frequency field overcomes 
one of the disadvantages of triodes 
at ultrahigh frequencies. 

A radio-frequency field in the 
buncher resonator produces an al¬ 
ternating electric field between the 
buncher grids. This field will speed 
up certain electrons and slow down 
other electrons which pass the 
buncher grids during a different 
part of the cycle. Consider a group 
of electrons which pass the buncher 
grids at the time when the field is 
changing from a retarding field to 
an accelerating field. An electron 


which leaves early in the cycle will 
be slowed down and will continue 
along the drift space with less than 
average velocity. An electron which 
passes the grids when the field is 
zero will not be affected and will 
continue with average velocity. 
Other electrons which leave later in 
the cycle will be accelerated and 
will move along the drift space with 
greater-than-average velocity. The 
variation of velocity will be small 
compared to the average velocity. 

As a result of this velocity modu¬ 
lation, electrons which leave later 
in the cycle travel faster and over¬ 
take the slower electrons which left 
earlier in the cycle. The electron 
beam is given an alternating com¬ 
ponent of its electron density as it 
travels along the drift space. This 
conversion process requires time; a 
transit time in the drift space cor¬ 
responding to several cycles is typi¬ 
cal. This transit time is quite im¬ 
portant in the analysis of a Klys¬ 
tron oscillator, and the number of 
cycles corresponding to the transit 
time in the drift space will be desig¬ 
nated by N, The electron bunches 
center around those electrons hav¬ 
ing average velocity, and therefore 
the value of N is determined by the 
average velocity. The following re¬ 
lations between the frequency /, 
drift distance a, transit time T, 
transit angle t, average velocity 
and the acceleration voltage Eo will 
be used frequently. 

N - t/2w ( 1 ) 

NmfTmf0/H (la) 

The average velocity is related to 
the acceleration voltage by 



where e and w are the charge and 
mass of an electron. Therefore Bq. 
(la) can be rewritten 

jg, A 

Im 

The degree of bunching is di¬ 
rectly proportional to the transit 
time in the drift space and is also 
proportional to Ex, the peak radio¬ 
frequency voltage between the 
buncher grids. E, will also be re¬ 
ferred to as the buncher voltage. 
The degree of bunching is expressed 
by a bunching parameter which will 
be designated x, whose value is 
given by 

• "■ 

which with Eq. (lb) gives 

wf$ Bi ^/iir u$Bi 
* Iffi. (3*) 

The radio-frequency component 
of the bunched beam current, fre¬ 
quently called the catcher current, 
will be designated u and is related 
to the bunching parameter by the 
expression 

is - 2Ui(x), (4) 

where h is the d-c beam current and 
Jx is a Bessel function of the first 
order and first kind. This relation 
is illustrated by Fig. 2. The curve 
will be recognized as the Klystron 
bunching characteristic which has 
been described frequently.* ’ This 
curve may be considered analogous 
to an Ip vs. Ep characteristic for a 
conventional vacuum tube where 



FIG. 2-4ayitron bimddiKi dhwt- FIG. S-4EqahrqiMt dieiill iof « nyslraa oscdUolsv. The pealed# Is need le 

odeitolk canre. cncdoeeas te ladMe fM ealy eledrea CMpIlai eaMi between lapal oad oidpal la lUi 
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relative catcher current corresponds 
to Ip and the bunching parameter 
corresponds to Ep, although it dif¬ 
fers in appearance because the out¬ 
put reaches a maximum at a bunch¬ 
ing parameter of 1.84, and then de¬ 
creases as the bunching parameter 
increases. Underbunching refers to 
values of less than 1.84, usually 
very small values, and the term 
overbunching is used to describe the 
conditions when the bunching par¬ 
ameter is greater than this opti¬ 
mum value. 

These principles of electron 
bunching will now be applied to 
the analysis of a Klystron oscillator. 
Any amplifier will oscillate if the 
gain of the tube is greater than un¬ 
ity and sufficient energy to over¬ 
come tube losses is returned from 
the output to the input in the 
proper phase. 

An equivalent circuit for a Kly¬ 
stron oscillator is shown in Fig. 8. 
A multiple-grid tube is shown to 
emphasize the fact that only elec¬ 
tron coupling exists between the 
elements of this type of velocity- 
modulation tube. The input and 
output circuits are completely iso¬ 


lated unless a means of feedback is 
supplied. The voltage between the 
grids of the buncher resonator is 
£*1 and this voltage is also indicated 
as the voltage across the input cir¬ 
cuit of the equivalent diagram. A 
voltage Et is shown across the out¬ 
put circuit, and represents the volt¬ 
age between the grids of the catcher 
resonator. 

A current u is shown flowing into 
the output circuit. This current 
represents the radio-frequency com¬ 
ponent of the bunched beam cur¬ 
rent, and is related to the innut 
voltage £, by Eq. (8) and (4). A 
four-terminal network is used to 
represent t, the transit-time phase- 
angle. A means of feedback is in¬ 
dicated as a link circuit between the 
output and input circuits, and an 
output load is also coupled to the 
circuit. 

Oscillation will occur when the 
sum of the phase angles around 
the complete loop is equal to some 
integral number times 2ic radians, 
provided the magnitude of the feed¬ 
back is sufficient to maintain oscil¬ 
lation. J. R. Ragazzini has sug¬ 
gested the diagram in Fig. 4 to il¬ 


lustrate these phase angles and the 
relations between them. The elec¬ 
trons which passed the buncher 
grids at zero phase (i.e., when 
was zero and changing from deceler¬ 
ation to acceleration) become the 
center of the bunch. These elec¬ 
trons correspond to a maximum 
value of the electron current and 
arrive at the catcher grids after a 
phase delay equal to t. This phase 
delay corresponds to slightly less 
than 2i cycles in Fig. 4 and is in¬ 
dicated by an oblique line connect¬ 
ing the zero axes of the £i and u 
curves. 

In order to transfer maximum 
energy to the resonator field, the 
electrons in the bunch must pass the 
catcher grids when the resonator 
field is a maximum and in a direc¬ 
tion which will decelerate the elec¬ 
trons. The current in the equiva¬ 
lent circuit must be in phase with 
the voltage if maximum power is 
to be transferred. This means that 
is is a minimum when the electron 
current is a maximum. The transit 
phase angle t corresponds to the 
phase between a zero value of Et 
and a negative peak of it and there- 
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fore the phase angle between Ei 
and it, introduced by the transit 
time and bunching considerations, 
is equal to (t -f ic/2). 

A phase angle ^ between t. and 
the catcher voltage Et is shown be¬ 
cause E, need not be in phase with 
t> However, this phase angle is not 
used in this analysis of oscillator 
theory. The angle ^ represents the 
phase between t. and Ei^ introduced 
by the two coupled circuits. The 
phase relation which must be satis¬ 
fied for oscillation can be written 

r -h ir/2 -f- 0 ■■ 2Tn (6) 

where tt must be an integer. The 
value of n in Fig. 4 is 8 cycles. If t 
is changed by varying the accelera¬ 
tion voltage, a corresponding change 
in 6 must occur. 

An analysis® of the phase rela¬ 
tions in two tuned coupled circuits 
shows that <t> will change if the fre¬ 
quency of oscillation is varied, 
lliese conditidns explain the fact 
that the frequency of a velocity- 
modulation oscillator varies when 
the acceleration voltage is changed, 
in order to maintain the necessary 
phase relations. 

The equivalent circuit in Fig. 8 
shows that a Klystron oscillator 
may be considered as two parallel 
resonant coupled circuits, fed by a 
constant-current source t,. The anal¬ 
ysis of such a circuit to obtain the 
phase and magnitude of the voltage 
across the primary and secondary 
can be obtained, with some slight 
modifications, from radio engineer¬ 
ing handbooks and other sources.®*®’^ 
This information about the phase 
and magnitude of the feedback can 
then be combined with the bunch¬ 
ing characteristic of a Klystron 
tube, as illustrated by Fig. 2 and 
Eq. (4), to obtain a prediction of 
the output characteristics of a Kly¬ 
stron oscillator as the acceleration 
voltage is varied. 

Certain assumptions will be made 
to simplify the analysis. The reso¬ 
nant frequencies of both circuits 
will be considered identical; this as¬ 
sumption will make the character¬ 
istics symmetrical with respect to 
frequency. A feedback line of zero 
length will be assumed so that the 
analysis for lumped constant cir¬ 


cuits at low frequencies can be used. 
The Q of the two circuits will not 
be equal because one circuit has 
been loaded. The Q of the output 
circuit in Fig. 3, which corres¬ 
ponds to the primary of the two 
coupled circuits, will be considered 
half as great as the Q of the input 
circuit, which corresponds to the 
secondary. Calculations will be car¬ 
ried out for two degrees of coup¬ 
ling between the two circuits. In 
one case the coupling will be as¬ 
sumed five times greater than the 
value for critical coupling, and crit¬ 
ical coupling will be assumed for 
the second case. 

Curves of primary and secondary 
voltage as a function of frequency 
are usually given in the reference 
texts®. The curves in Fig. 5 will be 
recognized as typical illustrations 
of these characteristics for two 
coupled tuned circuits. Ratios of 
and Ez/ii are plotted so that 
unit coordinates may be used, and 
the maximum ratio of E^/u is 
indicated by a value of un¬ 
ity. Increasing the value of i, will 
increase the value of voltage across 
the circuit but will not affect the 
ratio. The phase relation between 
i?, the constant-current source in 
the analysis, and secondary voltage 
is also shown as a function of 
frequency. 

The form of the curves in Fig. 6 
is not ideally suited to the analysis 
of a Klystron oscillator where the 
frequency is dependent upon the 
beam voltage as well as upon the 
tuning. To examine the behavior of 
such an oscillator as the accelera¬ 
tion voltage is changed, it will be 
convenient to replot the frequency 
as a function of voltage. This step 
is illustrated by the frequency vs. 
voltage curves in Fig. 6, which cor¬ 
respond to Fig. 5. 

The previous discussion has con¬ 
cerned only the coupled circuit 
theory. It is necessary to relate 
these results to the bunching char¬ 
acteristic of a Klystron tube, shown 
in Fig. 2, in order to complete the 
analysis and obtain the power out¬ 
put curves shown in Fig. 7. 

The Klystron oscillator charac¬ 
teristic illustrated by Fig. 8, which 
has been obtained by modifying the 


presentation of the information in 
Fig. 2, has been used to convert 
the data in Fig. 6 into the Klystron 
output characteristics in Fig. 7. 
Frequency curves have been trans¬ 
ferred directly to the correspond¬ 
ing figures, for the values of ac¬ 
celeration voltage which permit 
oscillation. 

Oteillafor Characferlsfict 

Calculations for the procedure 
described briefly in the preceding 
paragraph are quite simple, and the 
steps will be outlined in detail. The 
relation between voltage and fre¬ 
quency is obtained by evaluating t 
in terms of Eo, the acceleration volt¬ 
age, and correlating the values of t 
with values of </> in Fig. 5. Separ¬ 
ate calculations must be made for 
each value of coupling. Values of t 
for chosen values of Eo are tabu¬ 
lated from 

which is obtained by equating Eq. 
(1) and (lb). The percent change 
in frequency is small, and therefore 
all factors except may be lumped 
into a single constant. Correspond¬ 
ing values of 4> are obtained by sub¬ 
stituting the values of t into Eq. 
(5), These values of 4> are used to 
determine the frequency which cor¬ 
responds to the acceleration voltage 
chosen for the tabulation. Then 
these data are replotted to give the 
frequency curves in Fig. 6, and the 
values of E,/i, and E,/it are trans¬ 
ferred from Fig. 6 to Fig. 6, using 
this f-va.-E characteristic. 

The necessary correlation be¬ 
tween the feedback circuit and the 
bunching characteristic of a Kly¬ 
stron tube (see Fig. 2), can be ob¬ 
tained by evaluating Ei/in in terms 
of the bunching parameter defined 
by Eq. (3) and (4). Elquation (3), 
which relates F, and the bunching 
parameter x, can be rewritten 

Si - Stt/rN (7) 

Substitution of Eq. (7) and (4) 
in the ratio Ei/it gives 

The ratio E^l, may be replaced by 
Rt, which is known as the beam re- 
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sistance of the tube. Equation (8) istic line with a slope of unity cor- for the curves of power output vs. 

can be rewritten responds to a unity value x/2/,.(x). acceleration voltage in Fig. 7 in the 

a wNUBi tNBx Lines with slopes less than unity following manner. Typical operat- 

2/i(*)“ Et iT” 18*it correspond to values of x/2/,(a:) ing conditions would determine the 

greater than unity, since the starting conditions for the Klystron 
These equations furnish the cor- slope of a line is equal to the re- oscillator. We will assume that 

relation between the feedback cir- ciprocal of x/2/,(z). E,/n equal to 0.4 corresponds to 

suit characteristic which deter- Each point on the curve in Fig. 2 these starting conditions. For this 
mines Ex/it, and a modification of corresponds to some operating con- assumption, Eq. (9) can be rewrit- 

the bunching parameter. dition for a Klystron oscillator. It ten 

The significance of the factor will be convenient to replot 2/,(x), 

z/2/,(x) can be illustrated by refer- which is proportional to t., as a x'2Jx[x) ^ (10) 

ence to Fig. 2. This factor is merely function of «/2/,(«). This modifi- 

another form of bunching param- cation of the bunching character- The dash lines in Fig. 6 repre- 
eter. Any line from the origin with istic makes it possible to obtain the sent the starting conditions for the 

a slope less than unity will intersect value of t. from a value of Klystron oscillator. The accelera- 

the curve at some point other than since E<q. (9) shows that x/2/, (x) tion voltage corresponding to the 
zero and less than x = 8.83, where is proportional to Ex/U. Figure 8 intersection of the dash line and the 
the Klystron output again becomes shows such a characteristic, and Ei/t, curve in Fig. 6 is noted. The 
sero. A line with a slope of 0.6 is has been obtained by plotting the output for this value of accelera- 
shown, and ibis line intersects the ordinate of a point on the curve in tion voltage is zero. A higher value 
curve at a point somewhat beyond Fig. 2 as a function of the recipro- of ExfU for a different acceleration 
tbe maximum. Another line with a cal of the slope of a line drawn from voltage is substituted in Eq. (10) 
slope of unity is tangent to the the origin to that point on the curve, to obtain the value of x/2/,(x), and 
curve at the origin. This line does The curve in Fig. 8 is used to ob- a corresponding value of 2/,(x) is 
not intersect the curve, and repre- tain the value of E, from the infor- determined from Fig. 8. 
sents the cmditions ehmi oscilla- mation in Fig. 6. The beam current h is computed 

titms start This starting-character- Figure 8 is used to obtain data from the 8/2 power law and the ac- 
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FIG. 8—A Chong* of obtcUto convorts 
tho bunching choroctoristic of Fig. 2 to 
thlf moro conTonlont form 


celeration voltage. The value of i, 
is then obtained by substitution of 
/q and 2Jx{x) in Eq. (4). Ex is cal¬ 
culated from ix and the value of 
Ex/it from Fig. 6 corresponding to 
the acceleration voltage which was 
chosen. The power output is pro¬ 
portional to the square of Et and is 
plotted as such in Fig. 7. The fre¬ 
quency curve is transferred directly 
from Fig. 6 to Fig. 7. 

The two sets of theoretical output 
curves in Fig. 7 are typical of two 
different types of Klystron oscil¬ 
lators. The curves for five times 
critical coupling represent a tightly 
coupled oscillator and exhibit the 
familiar pair of voltage modes. 
The maxima of the two modes occur 
when the frequency has values cor¬ 
responding approximately to = 0 
and ^ in Fig. 6. If these values 
of ^ are substituted in Eq. (5), the 
value of T is given by 

rS2r(nrfcl/4) (11) 

Equation (11) is often stated in the 
form, ‘The number of cycles of os¬ 
cillation during the transit of an 
electron from the buncher to the 
catcher is an integer plus or minus 
one quarter.*' It should be noted 
that this statement is a special case 
which does not apply to all Klystron 
designs. 

The more loosely coupled oscil¬ 
lator illustrated by the critical coup¬ 
ling curves of Fig. 7 has the two 
modes merged into continuous out¬ 
put. The latter characteristic is 
typical of the type 410-R/2K80 
lUystron oscillator, and differs from 
overcoupled types which exhibit two 
separate families of voltage modes. 


Experimental curves for a num¬ 
ber of voltage modes in a type 
410-R/2K30 Klystron oscillator are 
shown in Fig. 9 and 10. These 
curves were obtained by a dynamic 
method which eliminated tuning 
changes due to thermal variations 
caused by changing the power input 
to the tube. The similarity of Fig. 
9 to the theoretical curve in Fig. 7 
for critical coupling indicates that 
the assumptions used in obtaining 
the theoretical curve are reasonably 
good. The equal height of the two 
peaks of each mode in Fig. 9 was 
obtained by purposely detuning the 
tube to produce the flattest charac¬ 
teristic, and does not represent a 
deviation from theory. Detuning 
the tube in the opposite direction 
emphasizes the higher voltage peak 
and produces maximum power out¬ 
put and efficiency. This effect is il¬ 
lustrated by Fig. 10. 

Note that the frequency devia¬ 
tion characteristic in Fig. 9 is al¬ 
most linear with accelerating volt¬ 
age over the useful range of output. 
This characteristic is gained by 
some sacrifice in power. (Compare 
with Fig. 10). Because of this, the 
type 410-R/2K30 Klystron is quite 
useful as an oscillator in frequency- 
modulation circuits. The frequency 
modulation is obtained by varying 


the acceleration voltage. However, 
considerable modulation power is 
required. 

The effect of tuning the Klystron 
oscillator, as described in the dis¬ 
cussion of the output characteris¬ 
tics in Fig. 9 and 10, can be derived 
from circuit theory but the details 
will be omitted. Certain important 
conclusions can be obtained from a 
Qualitative analysis of the over¬ 
coupled case, and the general nature 
of these results applies equally well 
to the behavior of the type 410-R/ 
2K30 Klystron. However, electron 
bunching theory must be considered 
in some detail before returning to a 
discussion of the effect of tuning. 

One of the principal factors in 
the explanation of Klystron oscil¬ 
lator power output characteristics 
is introduced by the variation of 4 
the radio-frequency component of 
the bunched beam current, as the 
value of El is increased. Figure 2 
and £q. (3a) and (4) illustrate this 
variation of the radio-frequency 
current. The term overbunching is 
applied when the current is de¬ 
creased from the maximum value 
because the voltage Ex is too great 
It is more important to anal 3 rze 
overbunching in a diagram similar 
to Fig. 8, since x/2Jx{x) is more 
useful than the bunching param- 
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FIG. 9—Experimental characteristic! lor 410-R/2X30 Klystron 
eecillotor with critical coupling. The tuning was adlusted to 
giee flot output. Compare these curves with the critical 
coupling curves oi Fig. 7 


FIG. IB—By odlusting the tuning, the output con be made a 
maximum. This has been done to obtain these experimental 
curves. One peak is accentuated at the sacrifice of the other. 
Operation is more criticol of accelerating voltage 


eter x in analyzing an oscillator. 
Optimum bunching in Fig. 8 cor¬ 
responds to the maximum in the 
curve when x/2Jx{x) is equal to 
1.69, which corresponds to a value 
of 0.636 for Larger values 

of JPj/t, cause overbunching. 

Overbunching does not necessar¬ 
ily reduce the output. Note in Fig. 
6 that the ratio Et/u is increasing 
rapidly at the acceleration voltages 
corresponding to points A, B. C, 
and D, which represent the ratio of 
Ex/i% required for optimum bunch¬ 
ing. Increasing the ratio of Ex/u 
above the optimum value does not 
reduce u very rapidly, since u is 
proportional to 2Jx (a;), and Fig. 8 
shows that this factor decreases 
slowly beyond the point of optimum 
bunching. The increased Et/u ratio 
allows the output to increase in the 
region between A and B, also in the 
region between C and D. Corres¬ 
ponding points have been marked 
on Fig, 7 to illustrate this effect. 

Any deviation from identical tun¬ 
ing will decrease one peak in the 
Ex/u curve when the losses in the 
two resonators are unequal. The 
other peak may remain approxi¬ 
mately the same, or it may increase 
slightly, depending upon the ratio 
G^f the losses in the two resonators. 
The effect of detuning the buncher 
resonator to a lower frequency, 
leaving the catcher resonator tun^ 
to the frequency corresponding to 
the identical tuning represented in 


Fig. 6, is illustrated in Fig. 11 for 
the case when the losses in the 
catcher resonator are twice as 
great as the losses in the buncher 
resonator. Both pattern! are moved 
in the direction of lower frequency 
and the patterns are no longer S 3 Tn- 
metrical. The higher-frequency 
peak in EJu is reduced and the cor¬ 
responding peak in Eu/it is in¬ 
creased. 

As a result of the detuning, the 
degree of overbunching in the high- 
frequency mode will be less and u 
will increase. Since Er/it has also 
been increased by the detuning, the 
output of this mode will increase 
considerably. In contrast, the over- 
bunching remains about the same in 
the lower-frequency mode but the 
ratio of E%/it is decreased, and 
therefore the output of this mode 
decreases slowly. However, the 
ratio of Ex/U for the higher-fre¬ 
quency mode can be reduced to the 
value corresponding to the starting 
conditions while the lower-fre¬ 
quency peak in EJu remains greater 
than this value. This relation means 
that continued detuning of the 
buncher resonator to a lower fre¬ 
quency causes the higher-frequency 
mode to increase at first, then dis¬ 
appear before the lower-frequency 
mode is eliminated. The frequency 
of the higher-frequency mode ap¬ 
proaches the frequency of the tun¬ 
ing of the catcher resonator. The 
lower-frequency mode can be ac¬ 


centuated by detuning the buncher 
resonator to a higher frequency 
than the tuning of the catcher 
resonator. 

Effect of Lesgtii of Feedbock Use 

The previous discussion has been 
based upon a zero length of feed¬ 
back line. This assumption obvi¬ 
ously does not apply to a type 410-R/ 
2K80 Klystron, since an external 
feedback line of considerable elec¬ 
trical length must be used. The 
problem is complicated when the 
line is not terminated with its char¬ 
acteristic impedance. However, it 
is fairly satisfactory to assume that 
the phase shift in the line can be 
represented by an angle <<>/, and re¬ 
write Eq. 5 in the form 

+ 2vn. (12) 

The logical conclusion from Eq, 
(12) would be that the acceleration 
voltage, which determines t, could 
be arbitrarily chosen by adjusting 
the length of the feedbag line. 
Some choice of the operating volt¬ 
age is permitted by such an adjust¬ 
ment. However, the feedback line 
is not usually matched, and certain 
line lengths prevent operation at the 
frequency which may be required. 
Therefore, it is not always possible 
to correct for changes in the transit 
time by changes in the length of 
the feedback line. As a result, there 
are some regions of acceleration 
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voltage where oscillation can not be 
obtained by any simple adjustment 
of the tube or feedback line. 

All of the previous discussion is 
influenced by the output load which 
is connected to the tube, but this 
effect has been included implicitly 
in the assumption that the losses in 
the output resonator were twice as 
great as the losses in the buncher 
resonator. This assumption is 
equivalent to the statement that the 
resonators are identical and that 
the power transferred to the load is 
equal to the power losses in the out¬ 
put resonator itself. 

Ppwer Ovfput 

Data have been obtained which 
relate the output power which can 
be transferred from a Klystron os¬ 
cillator to a given load resistance. 
These data are shown by the points 
in Pig. 12. The curve in Fig. 12 
represents a constant-current 
source feeding a parallel resonant 
circuit with internal losses and a 
coupled load. The theoretical curve 
was made to coincide with the ob¬ 
served maximum output from the 
Klystron oscillator. Zero load re¬ 
sistance in this illustration corres¬ 
ponds to a light load, i.e., the load 
resistance is an equivalent series 
resistance. The agreement between 
the experimental points and the 
theoretical curve in the region be¬ 
yond the maximum output fails be¬ 
cause the Klystron does not oscillate 
when the load becomes too great. 

It is apparent that the character- 



FIG. 11—Dptnttine thp bnndipr to a 
low«r IrpquPDcy shlflB thp ppokt le 
lowpr irpqupndM. Except for this d#- 
hming of tho bunchor. thoso cuttm 
roproBont tho bcobo condltioiis ob tbooo 
llluBtrotod by tho OTor-eoupUag cuttob 
of Fig. 5 



FIG. 12—Thoorotleal output cunro crad 
oxporimontol output poiato BMoourod 
for tho 410-R/2K30 Klystroa oocUlolor 

istics of velocity-modulation tubes 
must be considered carefully when 
equipment is designed to use these 
tubes. In some respects these tubes 


are similar to the more familiar 
types of vacuum tubes. They can be 
used as oscillators or amplifiers, 
and when equipped with the proper 
resonators, they can also be used as 
frequency multipliers. Klystron os¬ 
cillators are more dependent upon 
the voltage applied to them than 
triode vacuum tubes, and both fre¬ 
quency and output will vary if the 
voltage is changed. Operation is 
possible at a number of different 
voltage modes, but oscillation does 
not occur in the region between 
these modes. When these character¬ 
istics are either used or circum¬ 
vented in the design of the equip¬ 
ment, these factors do not limit the 
application of the tubes and actually 
make it possible to accomplish re¬ 
sults which are difficult to achieve 
in any other way. 
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Testing Cathode-Ray Screens 

Equipment fbr determining the light output of cathode-ray tube phosphors makes 
possible accurate evaluation of screen materials during development and product 
sampling to assure adherence to tolerances. Special features of test set are described 

By JOSEPH 0. TELLIER antf JOSEPH F. FISHER 

I NTRODUCTION of long-persistence ers. Toward this end a group at ficationa, test equipment, and pro- 
cathode-ray tube screens for ra- the Radiation Laboratory of the cedures for testing, 
dar indicators necessitated stand- Massachusetts Institute of Tech- Equipment developed by. the 
ardization of characteristics of the nology under the direction of W. B. Philco Research Division was in ac- 
screens among all tube manufactur- Nottingham developed basic sped- cordMice with the standards and 
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FIG. 1—Block diagram ihows Interrolation of units of cathodo-ray tube test equipment 


utilized basic circuits developed by 
the Radiation Laboratory, but was 
extended in scope to provide greater 
versatility. Two complete units 
were constructed and are now in 
use as an adjunct to further screen 
phosphor development. 

Fanetioai of Eqalfiiiioiit 

Broadly, the functions performed 
by the equipment can be divided 
into thre^ general categories. All 
static voltage and current char¬ 
acteristics of a wide variety of 
cathode-ray tubes can be measured. 
Steady measurements of light out¬ 
put from tube screens under vari¬ 
ous test conditions can be made. 
However the primary function of 
the equipment is to measure the 
build-up and persistence of light 
output from long-persistence 
screens exemplified by the P7 type. 

Physically the equipment con¬ 
sists of 18 standard relay-rack 
chassis in two six-foot racks, and a 
light-tight wooden console in which 
the cathode-ray tube is mounted for 
test. The several units comprising 
the equipment, together with the 
general nature of their functions, 
are represented in Fig. 1. 

Console —This unit provides for 


mounting any of a variety of cath¬ 
ode-ray tubes at a standard dis¬ 
tance of 30 centimeters from a 931 
photomultiplier tube. It also con¬ 
tains provision for making abso¬ 
lute calibration of light intensity, 
and means for rapidly de-energiz- 
ing the screen between tests. 

CRT Controls —Filament volt¬ 
age, cathode bias, and other poten¬ 
tials are controllable from a conven¬ 
ient central point. 

Sync Generator — Synchroniz¬ 
ing pulses for the deflection unit 
are provided in this compartment 

Deflection Unit — Horizontal 
and vertical deflection voltages pro¬ 
ducing a 200-line, noninterlaced 
raster at a 60-cycle frame rate are 
provided for either electrostatically 
or magnetically deflected tubes. 

Pulsed Grid Drive Unit— Dura¬ 
tion of the raster, repetition rate, 
and number of rasters applied in 
total are determined by an electro¬ 
mechanical network incorporated in 
this chassis. 

Moving Chart Ink Recorder— 
A record of light output as a func¬ 
tion of time is made on the chart of 
an ink recorder. From this record 
is obtained all numerical data relat¬ 
ing to light output from the crt 
screen. 


Voltage Standardization Unit 
—Critical voltages from the entire 
system are brought to this unit and 
checked against a standard-voltage 
cell, in a comparison circuit utiliz¬ 
ing a 6E6 indicator tube. 

Photomultiplier Tube Power 
Supply —This is a variable, regu¬ 
lated high-voltage supply used to 
adjust the amplification of the 931 
tube. 

Power Supplies—T hese are two 
conventional low-voltage regulated 
power supplies. 

H-V Power Supplies —Three 
supplies provide anode voltages to 
the crt under test and incorporate 
a unique, extremely effective regu¬ 
lating system. Multirange current 
metering is also provided. 

Monitoring Oscilloscope — 
This unit permits observation of 
waveshapes throughout the system 
and facilitates adjustment of the 
synchronization of various units. 

The P7 screen, which is a typical 
long-persistence type, comprises a 
double layer, the outer layer being 
a zinc cadmium sulphide and the 
inner a zinc sulphide silver acti¬ 
vated fiuorphor. Under electron 
bombardment, the inner layer 
fluoresces brightly and excites the 
outer layer. The latter phosphor- 
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esces under this excitation, contin¬ 
uing to glow long after the fluor¬ 
escent excitation has disappeared. 
If the excitation is applied period¬ 
ically, for brief intervals, the light 
output from the outer screen will 
take on increments until a satura¬ 
tion condition is reached. This con¬ 
dition represents maximum light 
output. 

To obtain a unique unit of meas¬ 
urement, the centibel was adopted, 
and defined. This unit is one one- 
hundredth of a bel, so that the num¬ 
ber of centibels corresponding to a 
given light power ratio is given by 
cb = 100 logw (Pt/P») where P, and 
Pa are the two values of light power 
whose ratio is to be expressed. In 
addition, the zero level was chosen 
as 2 X 10 * foot lamberts, corres¬ 
ponding to the generally accepted 
zero sound level of one milliwatt. 

If, then, the voltages and beam 
current of a particular cathode-ray 
tube are set to specified values, the 
raster size is adjusted to a given 
area, and the raster is applied to 
the screen for brief, constant 
periods, spaced oy known time in¬ 
tervals, the light output will vary 
as a function of time in the follow¬ 
ing general fashion. Each instant 
of raster application will produce 
a bright fluorescent flash from the 
inner screen, fidlowed by a slowly 
decaying phosphorescent glow. The 
glow after each flash will be at a 
higher level than that after the pre¬ 
ceding flash, with the increments 
gradually becoming smaller. 


The light level after a fixed num¬ 
ber of fiashes is a direct measure 
of the buildup characteristic of the 
screen. This measurement is the 
data actually taken in practice to 
determine this characteristic. 

T«if Peramefers 

Certain values of test parameters 
were found to give optimum re¬ 
sults, and standards of test pro¬ 
cedure were consequently based on 
these. The type 5FP7 tube, as an 
important example, is tested under 
the following conditions. 

The anode potential is accurately 
set to 4,000 volts, and the beam cur¬ 
rent, during raster application, to 
60 microamperes. The raster area 
is 50 square centimeters, and is ap¬ 
plied for one sixtieth of a second, at 
one-second intervals. All of these 
factors are maintained precisely, 
some manually in conjunction with 
self-contained measuring instru¬ 
ments, and some automatically by 
the equipment itself. The resulting 
light output as a function of time 
is plotted on the recorder. From 
this plot, the light output after the 
first, fifth, and tenth flashes is 
measured, the ratio of the fifth to 
the first and the tenth to the first is 
calculated, and the corresponding 
number of centibels derived. These 
ratios of light output arc defined 
as cb(a,) and cb„«;„ respectively, and 
are taken as factors indicative of 
the build-up and persistence of the 
screen. On the basis of these 
factors, tubes can be directly com¬ 
pared, or tolerances can be estab¬ 
lished on cb(8a) and cbao:D within 
which production tubes must lie. 

Two auxiliary tests are com¬ 
monly made in conjunction with the 
build-up measurements. The first 
of these is the fluorescent measure¬ 
ment and involves applying a steady 
raster, all other test conditions be¬ 
ing the same, and measuring the 
total light output emanating from 
the screen. The second of these is 
a measurement of integrated flash. 
For this purpose a single raster is 
applied for one sixtieth of a second, 
and the phototube output circuit is 
converted to an integrating net* 
work. This technique provides an 
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accurate method of measuring the 
effect of the initial flash from the 
inner screen, and is important be¬ 
cause the latter is a source of an¬ 
noyance to the eye of the operator, 
and must not be allowed to become 
excessive. 

Mounting the tube to be tested 
presented the first equipment de¬ 
sign problem. Several pieces of 
associated equipment had to be 
positioned near the tube, light out¬ 
put had to be measured under dark¬ 
room conditions, and yet access for 
changing tubes rapidly had to be 
provided. The solution to these 
mechanical problems was to use the 
console. 

In the console, the tube under 
test is mounted in the righthand 
section, which is accessible by lift¬ 
ing the hinged lid. In position, the 
tube faces the lefthand section in 
which is the phototube chassis and 
de-energizing lamp. The entire 
lefthand section can be dropped 
flush with the table top, leaving the 
tube face exposed for preliminary 
adjustments. This section is raised 
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by means of a foot pedal. Various 
compartments and drawers provide 
space for adaptors and other equip¬ 
ment 

In the righthand section is a slid¬ 
ing carriage so arranged that the 
faces of tubes of any length can be 
positioned at the standard distance 
of 80 cm from the phototube. Posi¬ 
tioning is accomplished quickly by 
the use of front and rear sighting 
wires. A variety of clamping sec¬ 
tions, providing for several neck 
diameters, can be bolted to the base 
of the sliding carriage. On the 
rear wall are sockets providing all 
needed electrical connections. 

nioHfube Uaif 

A long, rectangular closed 
chassis in the lefthand section 
of the test equipment is the heart 
of the optical portion of the system. 
The central point in this chassis is 
the 9S1 photomultiplier tube, which 
provides the basis for making abso¬ 
lute measurements of light output 
from the screen under test The 
tube is mounted on a sliding sub¬ 
chassis, in order that the light- 
sensitive surface may be set at ex¬ 
actly the correct distance from the 
sighting wires used to position the 
cathode-ray tube face. Other aux¬ 
iliary components of this chassis 
are the light-leakage compensation 
phototube, the inner standard lamp, 
the attenuator, and the cathode-fol¬ 
lower output stage, shown in Fig. 2. 

By means of the ganged switch 
in this unit, the plate load imped¬ 


ance of the 981 tube may be made 
either the centibel-calibrated at¬ 
tenuator or the integrating capac¬ 
itor. The output voltage developed 
across either load is directly 
coupled to the grid of the 6SF5, and 
the recorder microammeter is con¬ 
nected into the cathode. Initial 
current in the recorder is adjusted 
to zero by setting a variable re¬ 
sistor such that the 6SF6 is just cut 
off, with the grid at -fl05 volts. 
There is always a small current 
flow in the 981 plate, because of 
dark current in the latter, light 
leakage into the console, and the 
crt filament glow. In order to can¬ 
cel this current, a 926 leakage-com¬ 
pensation phototube is connected 
in opposite polarity, and the magni¬ 
tude of the cancelling current is 
controlled by means of a small lamp. 
The brilliance of the latter is ad¬ 
justed by the compensation re¬ 
sistor. 

To avoid frequent use of the ex¬ 
ternal standard lamp, an inner 
secondary standard lamp is pro¬ 
vided. The brilliance of this lamp 
is controlled by a precision attenu¬ 
ator, which is calibrated occasion- 
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ally by means of the external stand¬ 
ard lamp. 

To the base plate of the photo¬ 
tube unit is mounted a swivel arm 
on the end of which is placed the 
external standard lamp. In posi¬ 
tion, the standard lamp is directly 
in front of the 981 phototube, and 
exactly 22.6 cm from it. When the 
current in the lamp is of such a 
value as to develop a drop of 1.018 
volts (standard cell voltage) across 
a resistor of 16.76 ohms, exactly 
•f600 cb of light is produced. 

In making tube tests, it is neces¬ 
sary to start with a condition of no 
light output. A P7 screen, how¬ 
ever, will glow for at least one half 
hour after excitation. It has been 
found, fortunately, that red light 
at a frequency of about 6,000 ang¬ 
stroms will deactivate a screen in 
46 seconds. Light at this fre¬ 
quency will release the electrons 
momentarily established in trapped 
energy levels, without raising them 
to higher energy levels. Hence they 
fall to the desired neutral level, and 
the tube face is darkened. A red 
theater flood light is used for this 
purpose. • 

The crt control chassis needs 
little description. Here, in a cen¬ 
tral convenient jpoint, are means for 
controlling and metering filament 
voltage, cathode bias, and focus-coil 
current. In addition, the master 
power switch is located in this chas¬ 
sis. In particular, cathode bias is 
controlled by a precision step atten¬ 
uator, operating from an accurately 
established 800-volt supply. 

Deiectioa Untf 

In order to obtain comparable 
light output readings, a consistent 
pattern must be applied to the crt 
screen; this is accomplished by 
standardizing on a 200-line, non¬ 
interlaced raster. In order to main¬ 
tain such a raster, it is first neces¬ 
sary to derive certain synchroniz¬ 
ing pulses, in this case a 12-kc and 
a 60-cps pulse. The sync generator 
unit is outlined in Figure 8. Out¬ 
put at approximately 12 kc is first 
obtained from a master oscillator. 
This sinusoidal voltage is then ap¬ 
plied to an overdriven two-stage 
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amplifier whose output is essenti¬ 
ally a 12-kc square wave. The lat¬ 
ter signal is next applied to a con¬ 
ventional 8-atep diode counter and 
blocking oscillator, the resulting 
signal being a 1,500-cps pulse. The 
procedure is repeated in two 6-step 
counters, the final output being a 
pulse at approximately 60 cps. This 
pulse is then compared with the 
OO-cps line voltage by means of a 
phase detector, and the resulting 
bias applied to a reactance tube 
which holds the master oecillator 
frequency at exactly 12 kc. The 
basic phase detector is shown in 
Fig. 4 . 

The deflection circuits utilized to 
produce the 200-line raster are con¬ 
ventional and need not be elabor¬ 
ated upon. Some complexity of 
switching is caused by the necessity 
for providing horizontal and verti¬ 
cal deflection for both magnetically 
and electrostatically deflected tubes, 
but individual circuits, neglecting 
switching, are those commonly 
found in the literature. 

Reiter Tlswr 

With the raster-producing volt¬ 
ages available. It is next necessary 
to apply the raster Mriodically for 
brief intervals. This keying is 
accomplished through the medium 
of the pulsed grid drive unit—a 
most important unit upon which 
the sequence of all operations per¬ 
formed automatically depends. The 
basic elements of this circuit are 
shown in block diagram in Fig. 6. 

A Microflex automatic timer is 
so connected as to dose a 800-valt 
circuit for slightly mors than 
eleven seconds after a switdi Inaug¬ 


urating the raster pulsing is 
thrown. A Telechron clock motor 
drives a cam at the rate of one 
revolution per second, which in 
turn is arranged to close a Micro- 
switch for slightly more than one 
sixtieth of a second, once each revo¬ 
lution. Plate voltage is thus applied 
through the timer and Microswitch 
to the thyratrons once a second for 
an eleven-second intervaL 

By means of the thyratrons, the 
grid of the ert under test is raised 
from below cutoff to a value de¬ 
termined by the calibrated attenu¬ 
ator. During this period, a raster 
corresponding to a previously de¬ 
termined beam current is thus ap¬ 
plied to the screen. 

Operation of the thyratrons can 
be discussed with reference to Fig. 
6 where a typical sequence of Mi- 
croswitch closing and pulse occur¬ 
rence is illustrated. At time L the 
Microswitch closes. At time t„ the 
leading edges of two pulses, coinci¬ 
dent but of opposite polarity, are 
applied at terminals A and B. The 
differentiated pulse at C is nega¬ 
tive, however, and nothing happens. 
At a slightly later instant ti a posi¬ 
tive pulse appears at C correspond¬ 
ing to the differentiated trailing 
edge of the pulse at A. Thyratron 
2061-1 is fired, and a positive volt¬ 
age appears at E. This voltage is 
transmitted through the d-c ampli¬ 



fier and the attenuator to the ert 
grid, and a raster appears on the 
screen. At time the pulse at D is 
negative, because of differentiation, 
and thyratron 2061-2 remains non¬ 
conducting. 

At time t„ essentially one-six¬ 
tieth of a second later, a positive 
pulse appears at D, firing thyratron 
2051-2 and reducing the voltage at 
R to & sufficiently low value to cut 
off the ert. Shortly afterward, at 
the Microswitch opens, turning 
off both thyratrons. This cycling 
continues for eleven seconds, after 
which the automatic timer removes 
the plate voltage permanently and 
the run is completed. 

As was noted (Fig. 2) the photo¬ 
tube current developed by the 
raster is applied through a cathode 
follower to the sensitive element of 
an ink recorder. This element has 

a full-scale sensitivity of 260 mi¬ 
croamperes. The recorder chart 
moves at a rate of approximately 6 
inches in 11 seconds. 

To provide for testing as many 
ert types as possible, three high- 
voltage supplies at nominal outputs 
of 7, 8.6, and 2 kv are supplied. 
These supplies contain an unusual 
feature in the regulating system 
which makes the latter very effec¬ 
tive. Referring to Fig. 7, it will be 
seen that the grid of the triode is 
connected to an adjustable bias 
point, while in the cathode, a volt¬ 
age equal to the output voltage 
divided by /i is applied. Under 
these conditions it is possible to 
show that I, is independent of 
Therefore, the voltage drop across 
Rf. is constant, and if voltage varia¬ 
tions occur at A, the same magni¬ 
tude of variation occurs at B, but 
at a lower center value. This be¬ 
havior is in contrast with a resis¬ 
tive divider wherein the voltage 
variations are reduced In magni¬ 
tude by exactly the reduction in 
center value. Thus the gain of tiw 
regulating network is greatly in¬ 
creased by the use of this addi¬ 
tional tube. 

To establish exactly aQ critical 
voltages in the system, a method of 
comparison witit the voltage output 
from a standard ceO is need. These 
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voltasres are obtained from current 
flow through preciaion resistors. 
Knowing the resistance value, the 
required current flow to produce a 
given voltage is calculated. Next, 
the resistance required to produce a 
voltage of 1.018 volts with this cur¬ 
rent is determined and obtained. 
This latter voltage is then com¬ 


pared with a standard cell, and the 
current adjusted until both are 
equal. 

For the purpose of comparing 
standard cell and test voltages, a 
circuit utilizing a magic-eye tube is 
used, as shown in Fig. 8. The 
standard cell and test voltages are 
switched alternately to the grid of 


a d-c amplifier, whose output is con¬ 
nected to the grid of the 6E5. 
When no change is observed in the 
eye angle, the voltages are equal. 

The final unit is the monitor, 
which is a conventional oscilloscope 
mounted with the rest of the equip¬ 
ment for convenience in establish¬ 
ing correct operating conditions. 


Photographing Patterns on Cathode-Ray 

Tubes 

Comprehensive investigation of the photography of transient traces on cathode- 
ray tubes indicates that writing speeds up to 1,000 km per sec can be recorded. Pro¬ 
cedures for obtaining maximum writing speed are outlined, with alignment charts 

to simplify calculation 


T oday, cathode-ray equipment 
is in extensive use for visual 
observation of both transient and 
recurrent phenomena in nearly 
every field of scientific endeavor. 
But despite the tremendous num¬ 
ber of applications in which such 
equipment is used, and the frequent 
necessity of obtaining photographic 
records of the information appear¬ 
ing on fluorescent screens, little in¬ 
formation is available concerning 
the technique of obtaining such 
records and the maximum speeds of 
the cathode-ray beam which can be 
recorded photographically using 
standard commercial type cathode- 
ray tubes. 

Either the published information 
is limited to development tubes 
operated under special conditions 
by means of which extremely high 
writing speeds have been recorded 
(up to 60,000 kilometers per sec* 
ond), or complicated formulas are 
given which the average user of 
eaihode-ray equipment is unable to 
employ bemuse of the various fac* 
tors which are usually unknown 
and dUBcult to measure. 

It is the purpose of this article 


By RUDOLPH FELDT 

to give data on maximum writing 
speeds which can be recorded photo¬ 
graphically with commercial tubes 
operated at low and medium ac¬ 
celerating potentials. These data 
are based on the light output of 
the fluorescent screen, which, in 
combination with the color of the 
screen radiation, determipes the 
photographic efficiency of a ca¬ 
thode-ray tube. 

Screen brightness can be meas¬ 
ured by simple methods which do 
not require connections to the high- 
voltage circuits of the oscilloscope. 
Minimum brightness values of each 
tube type are usually available from 
the tube manufacturer and thus 
the choice of a desirable tube is 
considerably facilitated. 

The information given herein is 
divided into three parts. First, 
methods are outlined which lead to 
the determination of the most suit¬ 
able film emulsion and of the photo¬ 
graphic efficiency of the more com¬ 
mon types of standard cathode-ray 
tube screens. Second, the method 
of measuring the maximum photo¬ 
graphic writing data is described. 
Finally, a tabulation of the results 


is given in the form of tables and 
graphs, with practical illustrations 
demonstrating the use of the tabu¬ 
lated data for predicting results. 

Cemporiton Preeedare 

Photographic density (logarithm 
of opacity) and exposure (product 
of light intensity and time) are 
not related in a linear manner, but 
by the Hurter and Driffield or D-log 
E curve, in which the density, plot¬ 
ted against the logarithm of the ex¬ 
posure, results in an S-shaped 
curve. Any satisfactory method of 
comparing films must employ a 
method which permits comparison 
over the entire range of their sen¬ 
sitivity response or D-log E curve. 
This evaluation may be accom¬ 
plished quite simply and accurately 
by the use of calibrated gray scales, 
which was the method used in this 
investigation. Measurements were 
carried out in the following man¬ 
ner: 

(1) The visual brightness of the 
various cathode-ray tubes was de¬ 
termined in accordance with the 
RMA recommended procedure, i.e., 
with a linear raster two inches by 
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TABLE I—Comparison of Relative Film Speeds ot High and 
Low Densities lor Various Emulsions and fluorescent Screens 



RELATIVE EXPOSURE REQUIRED 

FILM 

PI Medium- 
persistence 
green; B « 7.5 
ft-lamberts 

P2 Long- 
persistence 
green: B - 1.55 
ft-lamberts 

P5 Shorj- 
persistence 
blue: B - 0.9 
ft-lamberts 


Low 

Density 

High 

Density 

Ix>w 

Density 

High 

Density 

Low 

Density 

High 

Density 

Agfa Triple S Ortho 

1 0 

1.0 

10 

1 0 

1 25 

16 

Eastman Ortho X 

3 2 

1 25 

16 

L6 

2 0 

2 5 

Eastman Superpan 
Press 

5 0 

1 25 

1 6 

1 6 

3 2 

3 2 

Defender Ortho X-F 

3 2 

2.0 

16 

1.6 

1.6 

2 0 

Eastman Super XX 

3 2 

2.0 

2 0 

16 

4 0 

4 0 

Defender X-F Pan 

4.0 

2 0 

2 0 

2 0 

4 0 

4 0 

Agfa Triple S Pan 

4.0 

2 5 

2 0 

2.0 

4.0 

4 0 

Agfa Fluorapid 

Blue 

40 


5 0 

4 0 

10 

10 

Eastman X-ray 

Blue 

64 


5 0 

5.0 

2 0 

1.6 


TABLE n—^Photogrophic Light-Producing Efficiency of Com¬ 
mon Screens (PS Screen-Unity) 


Type of Fluorescent Screen 

PI Medium- 
persistence 
green 

P2 Long- 
persistence 
green 

P5 Short- 
persistence 
blue 

Visual Brightness 
(ft lambwts) 

7.5 

1 55 

0 9 

Relative Brightness 

8 3 

17 

1 0 

Relative Fflro Speed (from 
Recorded Density Scales) 

0 63 

0.25 

1 0 

Test Film 

Agfa Triple S 
Ortho 

Agfa Triple S 
Ortho 

Agfa Fluorapid 
Blue 

Photographic Efficiency K 

0.076 

0.15 

1.0 

l/K (ft Ibt for equal 
photographic effect) 

13 2 

6.7 

1.0 


two inches. A GO-cps saw-tooth 
signal was applied to one pair of 
deflecting plates and a 3,000-cps 
signal was applied to the other pair 
of plates producing a 60-line raster. 
When compressed to the extent that 
the line structure merges into a 
solid block of illumination, such a 
raster may be considered as a light 
source of equal brightness over its 
entire area. The brightness of the 
raster was measured with a Weston 
type 603 illumination meter pro¬ 
vided with a Viscor filter. 

(2) A calibrated photographic 
gray scale of the transmission 
type*, mounted in proximity to the 
fluorescent screen and illuminated 
by the raster, served as a calibrated 
attenuator with twenty approxi¬ 
mately equal steps of brightness 
increase at a standard step ratio of 

1.26. The gray scale was 
mounted on a protecting glass plate 
and was covered by a black paper 
through the scale. 

(3) The gray scale illuminated 
by the raster was photographed 
with constant lens aperture and 
exposure time but with various 
types of fluorescent screens as light 
sources and different photographic 
emulsions. The developed negative 
contained a density scale graduated 
in successive steps exposed with ex¬ 
posure ratios of With con¬ 
stant development conditions, the 
density of the scale on the negative 
depends upon the brightness of the 
tube, the color of the fluorescent 
screen, and the sensitivity of the 
photographic emulsion. For any 
given screen, the films may be 
compared directly by noting the 
density of corresponding steps on 
the density scale. For different 
screens, the comparison of different 
Aims may be m^e on the basis of 
equal visual brightness as meas¬ 
ured by the illumination meter. 

(4) Comparison of various films 
is easily done by superposing the 
films in pairs and comparing the 
recorded scales side by side. One 
of the scales is moved in a direction 
parallel with respect to the other 
until steps of equal density coincide 
on both scales. The number of 

• AvsIlaSle from Bsstman Kodak Co. 


values obtained at both ends of the 
scales are of interest and are pre¬ 
sented in Table 1. The density of 
the film base and the residual fog 
are eliminated by this method and 
only densities above fog are com¬ 
pared. 


Table 1 shows the relative film 
speeds of nine different film emul¬ 
sions when exposed by the three 
most common types of screens em¬ 
ployed in cathode-ray oscillo- 
graphy: PI medium • persistence 
green, P2 long-persistence green* 
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FIG. 1-Schematic wiring diogram oi circuit providing modulation ol 
boom oi cathodo-roy tubo ior oliminoting background light. VoluoB 
uaod lor C oro 500« 5000. 50.000 ond 500.000 


and P5 short - persistence blue. The 
films with a relative speed of 1.0 
have the greatest sensitivity and 
serve as a reference basis. The fig¬ 
ures shown, with relation to other 
film t 3 T)es, are the factors by which 
the exposure must be increased to 
produce the same density on the 
negative as was produced on the 
emulsion used as the basis of refer¬ 
ence. Agfa Triple S Ortho film 
gives excellent results for all screen 
colors, while Agfa Fluorapid Blue 
gives slightly better results for the 
P5 screen. 

Table II presents a summary of 
the photographic efficiency of the 
three screens, under conditions 
usually found in commercial equip¬ 
ment (Du Mont Type 176-A). The 
steps by which the ends of the 
scales are displaced is an expres¬ 
sion of the difference in sensitivity 
of the emulsion, or of the photo¬ 
graphic efficiency of the fluorescent 
screen. Since adjacent steps cor¬ 
respond to an exposure ratio of 
a difference of three steps 
means that the exposure would have 
to be doubled to obtain the identical 
negative density. 

Comparlton of Films 

Certain emulsions behave in a 
very different manner at low and 
high densities. Therefore, the 
tubes were operated at medium 
voltages and brightness. The photo¬ 
graphic efficiency K is obtained by 
dividing relative film speed by rela¬ 
tive brightness. Note that for the 
PI screen more than thirteen foot- 
lamberts are required to secure the 


TABLE in —Ratio ol IneroOBO ol Photo¬ 
graphic Ellldoncy and Visual Brlghtnoss 
Through Uso ol Intonsllior 


Visual 

Pbotog. Elf. Rrifrhtnesa 
Screen Ratio Ratio 

PI Medium- 
peraiitanoe green 

5:1 

4.7:1 

P2 Long- 
penistenoe green 

6.3:1 

7:1 

PSSbort- 

pmkMRoeUiM 

5;1 

4..-):! 


same photographic effect as is pro¬ 
duced by one foot-lambert using 
the P5 screen. 

Elfoct of lofontilior Eloetrodo 

Table III indicates the extent 
to which the visual brightness and 
photographic efficiency can be in¬ 
creased by means of an additional 
electrode intensifier located between 
the deflecting plates and the screen. 
It is held at a positive potential 
with respect to the second anode 
so as to impart additional kinetic 
energy to the electron beam after 
deflection. Tube types such as the 
5CP1 and 6LP1 are constructed 
with this additional electrode. It 
can be seen that the increase of 
efficiency corresponds to the in¬ 
crease of visual brightness. 

To summarize the results of the 
initial investigation it may be con¬ 
cluded : 

(1) Agfa Triple S Ortho Film is 
desirable for recording the radia¬ 
tion from PI, P2 and P5 screens, 
while Fluorapid Blue gives slightly 
better results with the P5 screen. 
For high-speed recording Triple S 
Ortho is somewhat superior to 
Fluorapid Blue. 


(2) Using the film most suitable 
for each fluorescent screen, the PI 
screen requires more than thirteen 
times the visual brightness (as 
measured with the illumination 
meter) of the P6 screen to pro¬ 
duce equivalent photographic effects 
on the negative. 

(3) Blue - sensitive emulsions 
such as Fluorapid Blue and X-ray 
Blue are not desirable for recording 
radiation from a PI screen. 

(4) Comparisons were made us¬ 
ing a single standard condition for 
development. However, once the 
most suitable emulsion has been 
selected (from Table I) it is possi¬ 
ble to improve results by employing 
film development procedures which 
make possible the attainment of 
maximum speed for the emulsion 
selected. 

(5) Proper use of the intensifier 
electrode increases visual bright¬ 
ness and photographic efficiency 
five-fold, compared to results ob¬ 
tained without an intensifier. 

These results were obtained us¬ 
ing the cathode-ray tube screen 
as a steady light source. Effects 
caused by screen persistence char¬ 
acteristics are therefore disre- 
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garded. It is in order, therefore, 
to investigate the behavior of the 
two most suitable film emulsions 
at high-speed dynamic conditions. 

DefinIfioRi ttMl Sfaadardt 

It is essential to use certain defi¬ 
nitions and standards as a basis 
for an easy comparison of photo¬ 
graphic results. The standards em¬ 
ployed are those used by other in¬ 
vestigators. 

The maximum photographic writ¬ 
ing speed is the maximum speed 
of the luminescent spot which pro¬ 
duces a recording of density 0.1 
above fog at an object-image ratio 
of 1:1 with a lens aperture of F/1 
on an unspecified high-sensitivity 
emulsion developed with high-con- 
trast developer. 

TABLE IV—Film 8«iiiltiTil7 Bating Undnt 
Dynamic Condltionit 

Light source: P6 tube on 175-A with 
intensifier. Maximum brightness B = 
0.9 ft-lambert (same conditions as for 
Table I) Development: D76, 10 min¬ 
utes. Signal amplitude: ± 1 cm con¬ 
stant. 


Photographic Density 


Emulsion 

/-I 

kc, 

F-4.S 

/-lO 

kc, 

F-1.5 

/- 100 
kc, 

F-1.5 

Agfa Fluorapid 
Blue 

0.36 

0 34 

0.02 

AgfaTSO 

0.36 

0.37 

0.04 

Agfa SPP 

0.30 

0.30 


AgfaTSP 

0.23 

0.25 

* 

Eastman Ortbo 

0.21 



Eastman 

Ortho X 


0.23 


Eastman SPP 

6.20 

0.22 

* 

Eastman 

Super XX 

0.18 


• 

Defender KF 
Panchro 

0.06 



Eastman SXX 


0.21 


Defender XF 
Ortho 


0.14 



•T— irtak u ka laai m aS Maantaty. 


The relation between illumination 
intensity on the photographic film, 

the light radiation of the object, 
/, the transmission of the lens sys¬ 
tem, T, the object-image ratio, JIf, 
and the lens aperture, F, can be 
expressed by the formula 
7 T 

r mm _..._ rn 

4F* (1 + Af)* ^ ^ 

The artifice of recording oscillo¬ 
grams reduced in size permits se¬ 
curing higher writing speeds. If 
Vi is the writing speed at the 
screen, recorded for an object-im¬ 
age ratio Af=:l and V is the writing 
speed on the screen at any reduction 
ratio Af, it follows that 

L _i_. (2) 

Vt (1 + Af)» 

This equation shows that photo¬ 
graphic writing speed cannot be in¬ 
creased by more than a factor of 
four even with extreme reduction 
in size. The values appearing in 
this discussion for maximum writ¬ 
ing speeds always refer to ilf=l and 
F=:l. 

The manufacture of sensitive 
photographic emulsions is far from 
stabilized, and no standard emul¬ 
sion has been established. The film 
emulsions and development proced¬ 
ure finally adopted were selected 
empirically from the most sensitive 
commercial emulsions and 
developer. 

DetaniiiiiafleR of Writing Speeds 

The pattern which the spot de¬ 
scribes on the screen must be a 
simple geometrical form if calcu¬ 
lation of the speed at which the spot 
moves is to be facilitated. Further¬ 
more, the spot should traverse the 
screen but once throughout the 
duration of exposure for any single 
reading. 

A geometrically simple and easily 
generated pattern which conforms 
to the above requirements is a sine- 
wave transient of known frequency 
/ and amplitude A. The writing 
speed of the spot is then the vector 
sum of the horizontal and vertical 
velocity components. If the hori¬ 
zontal component is kept relatively 
small, as by using a low sweep fre¬ 
quency and a small swecq> ampli¬ 
tude, it may be neglected; ^e verti- 



FIG. 2 —Graph ol writing ipend plottod 
against photographic donslly lor rarloos 
scroons and Torlous scroon brlghtnoM 
Toluos In ioot-lomborts 


cal component, which follows the 
cosine function, then gives a close 
approximation to the writing speed. 

The maximum writing speed, S, 
of the spot describing a sine wave, 
occurs at the cross-over point on 
the axis and consequently may be 
expressed as S—2%fA. The sweep 
frequency fn is maintained at a 
value of one-tenth /, the sweep am¬ 
plitude at approximately five cm, 
and the sine wave amplitude at ap¬ 
proximately one or two cm, peak to 
peak. A single-stroke sweep pro¬ 
duced by a circuit using a high- 
vacuum tube is used to provide axis 
deflection up to a maximum speed 
corresponding to 5 Me. 


Illmiaafioii el Beckgreead Light 

The density of the photographic 
images recorded on the film must 
remain unchanged by any external 
influence. Therefore, the exposures 
are made with the oscilloscope and 
camera in practical darkness. Fur¬ 
thermore, the light produced by the 
spot in its stand-by position b^ore 
the operation of the single sweep 
must be suppressed by a black mask 
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Screen Bri 0 htnese B in Foot-Lamberts 

FIG. 3—Mcprimum photogrophic writing 
■peed* plotted os a function of brlghtneii 
of fluorescent screen for three common 

Ifpes of cathode-roy tube screens 

on the tube. The influence of the 
background light is kept small by 
using a high-speed shutter, syn¬ 
chronized with the single sweep. 

This system operates satisfac¬ 
torily up to approximately 6000 
volts total accelerating potential, at 
which point the fog due to the back¬ 
ground light of the screen becomes 
objectionable (even at shutter 
speeds of 1/100 second) and dan¬ 
ger of permanent damage to the 
screen by burning becomes immi¬ 
nent. Finally, at high frequencies 
(above 1 Me) the adjustment of the 
equipment becomes difficult, since 
the signal becomes nearly or 
completely invisible because of 
masking by the background light 
(It was possible to record on blue 
screens with satisfactory density 
high-frequency transients which 
were completely invisible to the 
eye.) 

Beam modulation permits over¬ 
coming background light difficul¬ 
ties. A recurrent sine wave is ap¬ 
plied to the deflection plates of a 
tube which is biased beyond the 
cut-off point Previously the tube 
was focused at zero grid bias, and 
screen brightness was measured 
with the two-inch standard raster. 
Then a single rectangular wave 
pulse, whose duration is equal to, 
or less than, one period of beam 


frequency, is applied to the grid 
of the cathode-ray tube. The am¬ 
plitude of signal delivered by the 
beam modulation circuit shown in 
Fig.^ 1 is sufficiently high to permit 
full modulation of any standard 
cathode-ray tube up to zero bias. 

This pulse amplitude is limited 
to the zero-bias value by means of 
a diode which is connected across 
the cathode-grid terminals of the 
cathode-rav tube, nreventinir nosi- 
tive grid potential. As in the case 
of the single transients, the sweep 
frequency is generally /«=0.1 /, and 
the maximum writing speed of the 
spot on the screen is 

r - 2irM cm/sec (3) 

where A is measured in centi¬ 
meters. 

M«ossrgiiiMt of Rocordod Dostify 

According to the definition given 
previously, we consider, as a maxi¬ 
mum writing rate, the speed which 
produces a density of 0.1 above fog 
on the photographic emulsion after 
development in a high-contrast de¬ 
veloper. Since the photographic 
record of the transient occurs as a 
fine line it is necessary to find a 
rapid method of measuring accu¬ 
rately the density (above fog) of a 
large number of thin lines whose 
thickness ranges from 0.1 to 1 mm. 

The method employed is believed 
to be new and is analogous to the 


method of calibrated wedges pre¬ 
viously dscribed. Briefly, a set of 
lines of calibrated and constant den¬ 
sity is compared visually with the 
recordings to be measured. It has 
been found extremely difficult to 
compare visually the densities of 
areas whose dimensions are dissimi¬ 
lar, such as the density of a re¬ 
corded thin line with respect to a 
calibrated standard wedge. It is 
even difficult to compare lines of in¬ 
commensurate width. In such a 
case, the apparent density of the 
thin line will appear less than its 
actual density, especially at low 
density values. Conversely, lines 
which are similar may be compared 
with a high degree of accuracy 
and ease. Consequently, two sets 
of lines of 0.3 and 0.6 mm thickness 
are recorded and their densities 
calibrated. The density of these 
reference lines is determined by 
means of a calibrated densitometer. 
Since it is difficult to measure 
the density of the lines directly be¬ 
cause of their small width, a larger 
area exposed under the same condi¬ 
tions and having the same density 
as to the corresponding line is re¬ 
corded adjacent to each line. 

The comparison of calibrated 
lines (with densities of longer areas 
recorded) is'done by superposing 
the reference scale with the record 
transient, making the linear part 
of the sine wave pattern parallel 


TABLE V—Draaity Racordad for DIffarant Conditloiia of 
Expoaura 


Screen 

Freq. 

Lens 

Aperture 

Film 

Recorded 

Density 

Total 

Acceleration 

Pot. 

P5 

Ike 

1.5 

TSO 

0.60 

2.7 kv 




SPP 

0.75 


P5 

Ike 

16 

TSO 

0.12 

2.7 kv 




SPP 

0.06 


P5 

100 ko 

1.5 

TSO 

0 06 

2.7 kv 




SPP 

0.03 


Experi¬ 



TSO 

0.60 

9.7 kv 

mental 

100 kc 

1.5 

SPP 

0.75 


Experi¬ 



TSO 

0.26 

9.7 kv 

mental 

1 Me 

1.5 

1 

SPP 

0.16 
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and close to the calibrated lines, un¬ 
til one* of these lines matches the 
transient By this means, densities 
above fog are directly compared 
and the ‘‘apparent” density of the 
recorded lines is taken instead of 
the integral of density. This 
method permits measurement of a 
large number of photographic re¬ 
cordings in a very short time and 
with sufficient accuracy (density =fc 
0.01 at low densities.) 

M«otiir#iiieaf of Tobo Poromoforf 

The data concerning the photo¬ 
graphic writing rates of cathode- 
ray tubes should be presented in 
such a manner that it becomes pos¬ 
sible to determine immediately 
whether a given photographic 
problem in cathode-ray tube oscil- 
lography can be solved through the 
use of a given tube operated in ac¬ 
cordance with given electrical con¬ 
ditions. The writing speed is 
determined by the brightness and 
color of the screen, which in turn 
are determined by the screen ma¬ 
terial, its thickness and the amount 
of power dissipated per unit area 
of the screen. 

A simple and logical way to 
measure the photographic writing 
speed is to consider it a function 
of the brightness of the fluorescent 
screen rather than of the electrical 
parameters of the tube itself, for 
brightness can be measured by the 
user with sufficient accuracy using 
simple instruments. 

Accordingly, the photographic 
writing speed is measured as a 
function of the screen brightness at 
zero grid bias and with the stand¬ 
ard two-inch raster in focus. Con¬ 
sequently, the brightness of the 
tube is measured under the same 
conditions and with the same spot 
size which exists for the recording 
of the pattern. This method results 
in independence from individual 
tube characteristics, and the plots 
obtained result from measure¬ 
ments secured on several tubes of 
the same screen material. Finally, 
the results obtained give a figure 
of merit for the visual efficiency 
as well as for the photographic 
quality of the tubes. The electrical 


characteristics of the tubes are 
measured and recorded as para¬ 
meters. 

Film development time and tem¬ 
perature must be carefully checked 
and maintained constant. Fresh 
developer must be used for each 
development. By means of these 
precautions (and others not de¬ 
scribed) it is possible to develop 
each negative in a large series of 
films under practically identical 
conditions. 

electrical Cendltlost 

Measurements are carried out 
using a standard commercial cath¬ 
ode-ray oscilloscope providing a 
total accelerating potential of 2700 
volts as a basic power supply for 
the cathode-ray tube. Once the 
limit of recordings with the normal 
accelerating potential was reached, 
the brightness of the tube screen 
was increased by applying a vari¬ 
able post-accelerating potential to 
the intensifier electrode of the tube. 
The maximum post-acceleration 
potential was limited by the danger 
of screen burning, by the astigma¬ 
tism of the tube, and by the inten¬ 
sity of background light. This 
limit was about 5 kv with respect 
to ground or about 6000 volts with 
respect to cathode. 

Racordiaq Wifli taain Modulatioii 

As it is intended to determine the 
extreme limit of photographic writ¬ 
ing speeds which can be obtained 
with commercial tubes, it is not un¬ 
desirable to increase the brightness 
of the tubes further by increasing 
accelerating potential and beam 
current up to the safety limit of the 
tubes. An obvious method of doing 
this without damaging the tube is 


TABLE Vl—Briqhtiwn and WfWag Speed 
Incraot# from Modhim to HIgb Acoolofol- 
ing Potontiols (2.7-B.7 kv) 



Brightness 

Increase in 

screen 

Increase 

Writing Spaed 

PI 

14.2 

43 

P2 

46 5 

300 

P5 

13 4 

26..‘S 


by means of beam modulation, as 
outlined above. The circuit used 
is shown in Fig. 1. 

This circuit permits producing 
single rectangular pulses, the dura¬ 
tions of which are continuously 
variable from about 1/SO second to 
a fraction of one microsecond. As 
the entire circuit including batter¬ 
ies is at cathode potential, it must 
be carefully insulated from ground. 

Davalopnmt Procodsro 

From the previous investigation 
Triple S Ortho Film was found to 
give the best results for PI and P2 
screens, while Fluorapid Blue was 
slightly better for P6 screens. De¬ 
velopment was carried out for 10 
minutes at 65 deg F using Eastman 
D76 developer. The behavior of 
these same ffims at high frequencies 
must be tested; upon the recom¬ 
mendation of the manufacturer. 
Superpan Press film was added to 
this list. Table IV contains a tabu¬ 
lation of the results. 

It can be seen that a frequency of 
100 kc appears to be the recording 
limit at low voltages. The best re¬ 
sults are obtained with Triple S 
Ortho film. The density can be 
further increased by using a more 
active developer but the fog 
increases simultaneously with in¬ 
crease of density and a compromise 
must be made. 

A satisfactory compromise can be 
made by developing films for 8 
minutes at 65 deg F in formula 
D72, other conditions remaining the 
same. A density D=0.07 was ob¬ 
tained for Triple S Ortho at f=100 
kc, which compares to the value of 
D=0.04 obtained with the former 
development method under the same 
development conditions. Fluorapid 
Blue produces a very high fog and 
must be eliminated. Consequently 
Triple S Ortho and development in 
D72 for eight minutes has been 
employed for all the following re¬ 
cordings on which the measurement 
of photographic writing speeds is 
based. 

The problem was therefore con¬ 
siderably simplified, insofar as 
Agfa Triple S Ortho fleema to be the 
most sensitive emulsion for all the 
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FIG. 4 —AUgnmeat cbort ralattng omplltude, frequency, cmd maximum writing 
■peed lor slnuioldal traces 


screen materials investigated, so 
long as low exposures are consid¬ 
ered, resulting in a record density 
less than 0.3 regardless of the dura¬ 
tion of the exposure. Table V shows 
the recorded density for different 
exposures. 

Table V indicates that when the 
exposure (i.e. the product of light 
intensity and time) is sufficiently 
high, Super Pan Press gives higher 
recorded density and should be sub¬ 
stituted for Triple S Ortho. It is 
shown that this holds true for a 
range from 1 kc to 1 Me and prob¬ 
ably beyond. It can be seen how 
the same pattern, recorded by lenses 
of different aperture, can produce 
results which are in favor of one or 
tike other of both films, according 
to the total amount of exposure. 
The importance of using high-speed 
lenses is emphasised. 

The graiA of Fig. ,2 has been 
used to determine the maximum 


writing speed corresponding to 
density of 0.1 above fog. The values 
of are referred to a lens aper¬ 
ture of F = 1 and to an object-image 
ratio Af = 1 according to the defini¬ 
tions outlined. The values at high¬ 
est brightness (9.7 kv) have been 
obtained with beam modulation. 

In Fig.'S the maximum writing 
speed, is given as a function of 
brightness for different screen 
materials. The lowest values at 
which the curves start are meas¬ 
ured with 2.7 kv accelerating poten¬ 
tial and maximum brightness, while 
the highest values were obtained at 
nearly 10 kv total accelerating po¬ 
tential and with beam modulation. 

It is interesting to note that at 
low voltages the values of the maxi¬ 
mum writing speeds are widely dif¬ 
ferent for the various screens, the 
minimum being 0.7 and the maxi¬ 
mum 20 km per sec, which repre¬ 
sents a ratio of about 1:29. At high 


voltages all the screen materials in¬ 
vestigated produced high recording 
speeds with only slight variations. 
The maximum speed was 560 and 
the minimum 210 km per sec, giv¬ 
ing a ratio of 1:2.7. 

This result obtained for different 
screens is also valid for individual 
tubes of the same type. While at 
low voltages the efficiency of a tube 
depends to a high degree on the 
quality of the electron gun, at high 
accelerating voltages only the total 
accelerating potential appears im¬ 
portant, and a number of tubes of 
the same type show nearly the same 
results. 

The increase of efficiency with 
accelerating voltage is shown in 
Table VI where brightness increase 
(and corresponding increase of 
writing speed) are given for the 
various screens. The figures of the 
table are based on data plotted in 
Pig. 3. Table VI shows that, at low 
voltages, screens with a high photo¬ 
graphic efficiency (such as the P6) 
show relatively little increase in 
photographic effectiveness as the 
accelerating voltage is increased. 
On the other hand the photo¬ 
graphic effectiveness of the P2 
screen, which has a very low overall 
efficiency at low voltages, increases 
rapidly and becomes excellent at 
high accelerating potentials. The 
fact that the photographic efficiency 
increases so much more than the 
visual brightness can be explained 
only by a considerable change in 
color at higher voltages—the light 
becomes richer in blue actinic radi¬ 
ation. 

With this information available 
and considering the tubes selected 


TABLE vn — Photographic Eiflctonqr 
Rattag 


Medium Voltage 
(2.7 kv) 

High Voltage 
(9.7 kv) 


Relative 


Relative 

Screen 

Photog. 

Eff. 

Screen 

Photog. 

Eff. 

PS 

I.O 

P5 

1.0 

PI 

0.35 

PI 

0.53 

P2 

0.035 

P2 

0.38 
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as representing each type, the fol¬ 
lowing conclusions are apparent: 

(1) The P5 screen produces the 
highest photographic writing speed. 

(2) P2 screens should not be em¬ 
ployed at low voltages, but give 
very satisfactory results at high 
voltages. 

Ratings of photographic effi¬ 
ciency of various screens at medium 
and high voltages, referred to volt¬ 
age on the tube using a P5 as refer¬ 
ence, are given in Table VII. 

Frecfical ApirilcatieM 

When the brightness of the tube 
which is to be used for photo¬ 
graphic recordings is measured by 
means of a standard two-inch ras¬ 
ter and an illumination meter 
equipped with Viscor Kilter, the cor¬ 
responding maximum photographic 
writing speed V^mm can be found on 
the graph of Fig. 4. Most cathode- 
ray tul^ manufacturers are in a 
position to provide information con¬ 
cerning the minimum screen bright¬ 
ness for any standard type of tube 
in cases where the user does not 
have access to a suitable illumina¬ 
tion meter. Certain manufacturers 
have expressed willingness to pro¬ 
vide more accurate brightness data 
on any single tube which is to be 
used for photographic recording ap¬ 
plications. It should be considered 
that such brightness values will 
change throughout the life of the 
tube. 

Once the maximum brightness 
for a tube is known, this data 
serves as a standard of calibration 
with which an ordinary exposure 
meter with photocell may be used 
to adjust the brightness level to a 
value desired for any particular ap¬ 
plication. 

For all practicaT purposes it is 
advisable to divide the maximum 
writing speed, Vmm»p by two to pro¬ 
vide a sufficient mari^ of safety 
and to obtain recordings of higher 
density than 0.1. The corresponding 
values of the graph of Fig. 4 are 
valid for a lens with an aperture of 
an object-image ratio of 1:1 
and for Agfa Triide S Ortho Film 
with development formula Eastman 
DT2, 8 minutes at 66 deg F. 

Figures 4 and 6 ere nomographs 
designed to facilitate solving prmc- 
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tical problems. Figure 4 demon¬ 
strates the relation between ampli¬ 
tude, frequency and maximum writ¬ 
ing speed for sine waves; Fig. 5 
gives the photographic writing 
speed V as a function of lens 
aperture F, and object-image ratio 
M. 

NoMogroplii 

Suppose it is desired to record a 
sine-wave transient having a peak- 
to-peak amplitude of approximately 
6 cm (A = :±:3 cm) and a frequency 
/ of 6 kc. The tube may have a 
P6 screen with a raster bright¬ 
ness of 2 ft-lamberts. From Fig. 
2, V is determined to be 60 km 
per sec. for A—O.l. Half of this is 
taken for safety purposes as ex¬ 
plained above, so V = 30 km per sec. 

The speed of the phenomenon 
which is to be recorded can be 
found from Fig. 4 by considering a 
frequency of 50 kc and dividing the 
result by ten to give the required 
frequency of 6 kc. A value of ap¬ 
proximately 1 km per sec is ob¬ 
tained for V\ 

By means of the nomograph in 
Fig. 5 , we find that recording this 
speed at = 30 km per sec per¬ 
mits the use of an aperture of 
F=6.6 for Jlfr=l. If a different ratio 
of object on screen to image on film 
is desired, perhaps M=10:l, a line 
drawn from this value to 1 km per 
sec on the F' scale crosses the V 
scale at 3.3 km per sec. Use of M 
= 10:1 permits the recording of 
speeds 3.3 times higher than with 
ilf = 1. To confirm this, locate 3.3 
km per sec on the V' scale and draw 
a line to the previous determined 
aperture F = 5.6. The cross point 
on the scale establishes the 
corresponding increase in to 
102 km per sec. Since the recorded 
speed is only 1 km per sec, a line 
can be drawn from 102 km per sec 
on the Faun scale through F'=l 
km per sec, which shows an aper¬ 
ture between Fs9 and F=ll. Con¬ 
sequently, the phenomenon can be 
recorded either with an aperture 
F=6.6 for Jlf=l, with F=10 for 
Ms=10:l, or with any intermediate 
values. 

Assume a rectangular wave is to 
be recorded with a maximum rise 


of 5 cm per microsecond. The maxi¬ 
mum speed to be recorded is there¬ 
fore 5x10® cm per sec or 50 km per 
sec. 

aeeordisg of Trootionf Roetongular 
Wove 

The available lens has a maxi¬ 
mum aperture of F=1.9. The nom¬ 
ograph of Fig. 5 shows that F^„, 
= 180 km per sec. Figure 3 indi¬ 
cates that a Po screen with B = 5.6 
ft-lamberts would be satisfactory. 
Assuming that in this case only 4 
ft-lamberts are available from the 
cathode-ray tube under the given 
operating conditions, it would prob¬ 
ably be advisable to increase the ex¬ 
posure by raising the object-image 
ratio. For M=8:l the apparent 
writing speed is increased threefold 
and a recording of satisfactory den¬ 
sity would be secured. 

Rocofdlliig of Rocurronf flioBOinoiia 

As another example of the use of 
data given in this article, assume 
the exposure time for the recording 
of recurrent phenomena is to be 
determined. 

Let us assume that an amplitude 
of db2 cm and a sine wave of 1000 
cps, with a sweep frequency of 100 
cps, appears on a PI screen yielding 
a brightness, B, of 7.5 foot-lam* 
berts. If n is the number of images 
per second appearing on the screen, 
t is the exposure time, and F is the 
maximum writing speed of the 
phenomenon which has to be 
recorded, then V z=t n or t = 
F/(n Referred to a lens 

with aperture F. t = FF*/(n F„«). 

In this case n=100, and F=2x 
X 10* X 2 = 12.6 X 10* cm per sec. 
From the graph of Fig. 6, = 6 

X 1(P cm per sec, and it can then be 
calculated that t = 2.1 x 10’^ f" sec. 
If an aperture of F=7 is employed, 
t, = 1/lOOth sec. 

Ceaclesleat 

As a result of a comprehensive 
survey of the technique of produc¬ 
ing photographic records at maxi¬ 
mum writing speed, we may draw 
the following conclusions: 

(1) For high-speed recording, 
Agfa Triple S Ortho film gives the 
best results of the films tested for 


PI, P2, and P5 screens. Recom¬ 
mended development procedure: 
Develop 8 minutes at 65 deg F in 
D72. 

(2) The P5 screen has the high¬ 
est photographic efficiency. 

(3) The maximum photographic 
writing speed plotted against tube 
brightness gives an accurate means 
for determining the exposure time. 
With standard tubes and high accel¬ 
erating potentials, phenomena of 
more than 1000 km per sec have 
been recorded. 

(4) At high accelerating volt¬ 
ages (9.7 kv) all the screens previ¬ 
ously mentioned became very effi¬ 
cient for photographic recordings, 
and the differences, which are quite 
important at low voltages, become 
relatively small. At high voltages 
the brightness differences between 
individual tubes of the same type 
seem to diminish. 

(5) Type P2 screens, which give 
very poor results at low voltages, 
show a tremendous increase in 
efficiency at high voltages and it is 
desirable to employ this screen at 
high voltages. 

(6) It has been shown that by 
using synchronized high-speed 
shutters (1/100 sec) undesirable 
fogging of the film by background 
light of the screen can be minimized 
up to accelerating potentials of 
about 6 kv. Beam modulation elimi¬ 
nates the necessity for synchroniz¬ 
ing the shutter and permits the use 
of high accelerating potentials and 
strong beam currents, without 
danger of screen burning. 
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Noise in Gas Tubes 

>y i. P. CPIllE C. J. PPLLAPIEP 


Noise for visual presentation of 
filter frequency response and for re¬ 
verberation can be obtained from 
gas tubes. High level, wideband 
noise sources, developed during the 
war for use in radar jammers, pro¬ 
vide greater output than previ¬ 
ously obtained. 

Clioractdritfics of Got Tubot 

Gas tubes have always had a rep¬ 
utation of being noisy, although the 
character of the noise has not been 
clearly defined. Recent investiga¬ 
tions have shown that the noise 
generated in hot cathode arcs con¬ 
sists of oscillations of several hun¬ 
dred kilocycles superimposed on a 
background of random noise. The 
random noise contains a continu¬ 
ous band for frequencies extending 
from the very low audio range to 
five megacycles. A suitably placed 
magnetic field greatly increased the 
noise level an<l eliminated the os¬ 
cillations. 

The spectrum obtained from a 
typical gas tube without magnetic 
field is shown in Fig. lA for two 
discharge currents. The noise level 
is expressed in db above 10 pv/ 
(kc)‘^® because, if the bandwidth of 
the spectrum analyzer is sufficiently 
small, the random noise voltage va¬ 
ries as the square root of the band¬ 
width. 

The two peaks in the curve of 
Fig. lA for the higher current rep¬ 
resent two distinct oscillations 
that are not harmonically related. 


The lower frequency peak is due 
to plasma ion oscillations; the 
higher frequency peak is caused by 
oscillations of positive ions in the 



FIG. 1—Moise dkaroetorlstlcs el 814 lor 
▼orloiig oporollMi condMoat 


potential minimum at the cathode. 
A summary of the characteristics 
of a number of hot cathode dis¬ 
charge tubes is presented in Table 
I. This table gives the frequency 
and amplitude of the lowest fre¬ 
quency oscillation, as well as the 
noise level at three selected fre¬ 
quencies. The values are average, 
there being considerable variation 
from tube to tube. The last column 
gives the total rms noise voltage 
obtained by integrating the spec¬ 
trum from zero to four megacycles. 
For comparison, the level of shot 
noise of a diode for two different 
currents and with a 3,000 ohm load 
resistance is presented. The shot 
noise is much lower than that ob¬ 
tained from the gas tubes. 

Efftcf of Mognotic Field 

If a transverse magnetic field is 
applied across the discharge and 
the field strength gradually in¬ 
creased, the spectrum of noise un¬ 
dergoes marked changes. Figure 
IB shows the change observed in 
an 884. For this particular tube the 
amplitude of the low frequency os¬ 
cillation at 400 kc increased slightly 
for low magnetic field strengths and 
then disappeared with no change 
in frequency as the field was further 
increased. 

The cathode oscillation is differ¬ 
ently affected by the magnetic field. 
The frequency of the peak noise in¬ 
creases with Increasing magnetic 
field, and the spectrum in the vicin- 
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Table I—^Nois# Characteristics of Gas Tubes 


Tube 

Current 

(me) 

Oscillation 

Noise Level 

decibels* 

volts 

RMS 

4 me 

(ko) 

(db)‘ 

50 kc 

1 inc 

5 me 

Shot f .. .. 

150 



-U 

-14 

-14 

0.00133 

Noise*^. I ... 

10 

— 

— 

-26 

-26 

-26 

0 00031 

884 .... 

40 

180 

76 

66 

70 

35 

0 91 

.... 

.3 

iiO 

76 

24 

22 

-8 

— 

2A4G. 

100 

4.>0 

52 

.50 

24 

— .5 

0.06 

WL629 

40 

210 

8.V 

41 

58 

_ _ 

. 

WE256A. 

75 

120 

51 

38 

40 

-4 

0.1 

BK62 

1 5 

650*^ 

31 


1 

— 10 


2050.. / . . 

90 

150 

84 

60 

51 

14 

- 

1 ... . 

3 

90 

78 

36 

11 

-10 

— 

6Q5G 

40 

550 

73 

45 

50 

17 

_____ 

FGI78A. 

125 

100 

78 


38 

, _ 

2D21 

41 

85 

9( 

HO** 

51 

18 

_ 

816. 

125 

170 

6: 

60*^ 

37 

! 9 

[ 

— 


• Zem level is 10 Mv/(kc).V* 

^ Temperature limited diode with 3,000 ohm plate resistor, 
o Second harmonic amplitude is 90 db. 

Probably another nonharmonic peak lielow 100 kc. 

• Approximate. 


Table 11—^Noise with Transverse Magnetic Field 


Tube 

Current 

(ma) 

Flux 

Density 

(Gauss) 

Noise Level 

Type** 

(peak 

volts) 

decibels* 

100 kc 

1 me 

5 me 

6D4... f. 

5 

375 

8.2 

63 

76 

38 

B- 

(2C4) {. 

5 

720 

— 

66 

76 

43 



20 

375 

— 

70 

77 

53 


884. 

45 

1,050 

5 6 

56 

62 

48 

B 

2A4G. 

100 

2,000 

8 3 

60 

60 

10 

A 

WL629. 

40 

2,500 

4 4 

T1 

69 

43 

A 

WE256A. 

75 

2,000 


65 

58 

33 

B 

RK62. 

7 

620 

— 

60 

O t 

42 

€<* 

605G. 

40 

2,500 

_ 

55 

63 

37 


\VE32a3A. 


1,800 

— 

62 

44 

8 

A 

2050. 


500 

— 

74 

47 

13 

d 

FG178A. 


960 

9.9 

82 1 

70 

43 

A 

2D21.. /. 



5 

72 


47 

« 

\. 

30 


5 

70 

64 

46 

f 

GL546. 

13 

740 

■■■■■'" ' 

68 

70 

48 



» Zero level ia 10 /*v/(kc).S * 

‘»SeeFig-2B, 

« Standard RRL Noise Unit, Maximum is 80 db at 700 kc. 
^ Oscillations not suppressed. 

* Anode to cathode noise. 

< Grid to anode noise. 


ity of the peak broadens so that 
eventually a distinct oscillation is 
no longer observed. The noise at 
50 kc and 5 me go through a mini¬ 
mum at 210 gauss and then increase. 
The ultimate level of the 5 me 
noise is about 12 db higher than the 
zero held level* 

It is interesting to note that there 
is an optimum value of magnetic 
held for which the total variational 
voltage is a minimum, as shown in 
Fig. 1C. This optimum value of 
held is dependent on the current 
as is the minimum value of the 
peak-to-peak voltage, as shown in 
Fig. ID. Because of variations be¬ 
tween tubes, the exact value of the 
optimum held must be found ex¬ 
perimentally for any given tube. 
This property of reducing the vari¬ 
ational voltage has been very useful 
in control circuits where other 
tubes are subjected to undesirable 
random triggering under the inhu- 
ence of a conducting gas tube. 

The general shape of the spec¬ 
trum obtained from a gas tube de¬ 
pends on the type of tube. Figure 
2A shows spectra of several types 
of tubes with magnetic helds. The 
noise levels are compared with the 
noise levels from a 931A electron 
multiplier phototube and a temper¬ 
ature-limited diode. 
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Shape of the spectrum is deter¬ 
mined by tube geometry. Three 
general types of structure are found 
in commercial tubes as shown in 
Fig. 2B. Type A, represented in 
Fig. 2A by the FG178A, has a cir¬ 
cular-plate anode with ^e cathode 
some distance away on the axis of 
the anode so that the magnetic field 
can be concentrated at the cathode. 


The spectrum of this type structure 
has high low-frequency noise, with 
no peak and a steady decrease in 
level as the frequency increases. 
The Type B tube, represented in 
Fig. 2A by the 884 and the 2C4(6- 
D4), has closer spacing and the 
cathode is surrounded by the anode 
structure so that both anode and 
cathode are in a strong magnetic 
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field. The grid is a solid sheet of 
metal completely surrounding the 
cathode except for a small slit which 
defines the current beam. The spec¬ 
trum obtained with this structure 
shows a maximum in the vicinity 
of one me. Type C, not represented 
in Fig. 2A, is similar to Type B 
except that the grid is an open wire 


structure. With this t 3 rpe tube 
(Dumont 6Q56) it was not possi¬ 
ble to eliminate the oscillations for 
any orientation of the magnetic 
held. Similar difficulties with the 
oscillations were found with the 
2050 and 2D21 gas tetrodes. 

The characteristics of the vari¬ 
ous types of tubes studied with 


transverse magnetic held are sum¬ 
marized in Table II. Representative 
values are given. For most types 
there is wide variation between 
tubes. Great uniformity was 
found in the 6D4 tube, with maxi¬ 
mum deviations between tubes of 
the order of one db or less. 


Simple Test Set for Mercury Vapor Rectifiers 

By M. J. WEINER 


The usual difficulties encountered 
with mercury vapor rectihers can be 
held to a minimum if certain oper¬ 
ating conditions are maintained. In 
properly designed equipment the 
tube temperatures are held within 
certain prescribed limits to avoid 
arc-backs. The internal tube drop, 
however, is a function of the hla- 
ment emission and load current, and 
increases with the age of the tube. 

Since there has been no readily 
available measuring equipment to 
check the hlament emission of mer¬ 
cury vapor tubes, it was decided to 
build one in as simple a form as pos¬ 
sible to permit routine tube tests. 
The test set to be described gives an 
indication of the tube performance 
by measuring the tube drop when 
passing rated current The parts re¬ 
quired are simple and few in number. 

The basic circuit is shown in Fig. 
1. Being a half-wave rectifier circuit 
with resistance load, the average vol¬ 
tage drop across the tube and re¬ 
sistor is 

{Br 4* Bt>c) av. ■■ 

0.318 

The a-c voltmeter reads the effec- 



rie* 1 iowic cifcttli oi f fl B i e — is a t for 
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tive value E, however, so the maxi¬ 
mum (peak) applied voltage is 
Bm^ • 1.414 B 
Substituting: 

(Er -f Edc) av. « 0.45 E 

Et ** 0.45 E-Edc 

For the initial calibration proce¬ 
dure, place a new tube in the proper 
socket for a preliminary warm-up 
period, with the plate supply off. 
Next, apply plate voltage and in¬ 
crease it until the d-c ammeter in¬ 
dicates the rated load current for the 
particular tube under test. This is 
1.25 amp for a type 872 tube, and 0.5 
amp for a type 866 tube. Read the 
d-c voltmeter connected across the 
resistor to get the value of E^o. Read 
the a-c voltmeter to get the r.m.s 
applied voltage E. Now, subtract 
Edo from 0.45 E to get the average 
tube drop Et- Repeat for each other 
t 3 rpe of tube to be tested and record 
all values. (If it is desired to rate 
the tube in terms of peak values, 
multiply this result by x.) 

A calibration chart can now be 
made up, showing the drop across 
the resistor at rated load current for 
each type of tube to be tested. The 
d-c voltmeter across the resistor may 
then be removed and this chart can 
be used to find the value of Edo for 
the tube being tested. 

If the tube drop Er as measured 
for an old tube exceeds the drop in 
a new tube by 5 to 10 volts, erratic 
operation of the rectifier equipment 
will follow and the tube should be 
taken out of service. It may still give 
many hours of useful service, how¬ 
ever, in lower-powered equipment, 
where the load requirements are less. 


The complete schematic circuit of 
the test set is shown in Fig. 2. The 
filament voltage at each tube socket 
must be the exact value required for 
the tube under test. 

The tube to be tested is placed in 
the correct socket and allowed to 
warm up with plate supply off. 
Plate voltage is then adjusted until 
the ammeter reads rated load cur¬ 
rent for the tube, and the a-c volt¬ 
meter is read to get E. Reference to 
the calibration chart gives Edo for 
the rated load current, and this sub¬ 
tracted from 0.45 E gives the aver¬ 
age tube drop Er- 
The equipment is calibrated in 
terms of the readings obtained with 
a new tube because the input voltage 
required for rated load current will 
vary according to the position of the 
d-c return lead with respect to the 
filament winding. For example, con¬ 
necting the d-c return to the fila¬ 
ment center-tap will not give a value 
of input voltage which is the means 
of the values obtained by connecting 
this lead to either side of the fila¬ 
ment. 
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AbHorfition, aoniutic, 112 

Acoufltic abH(»r|>tion nnmoKinph, 112 

Acoustir devired, tmting, 579 

Adaptor, 8ingi«-«ideband, M3 

AdjuRtable-bandwidth f>m didcriminatnr, 590 

Adjustment of directional antennas, 11 

AFC' systeni, microwave, 479 

AG(%iKiise in m*eivers, 024 

Aircraft antenna, cavity, 37 

Aircraft antenna taittern plotter, 34 

Aircraft antennas, 32 

Alanu, transmitter breakdown, 771 

All-wave filter, 430 

A-M antenna, two-station, 20 

A-M tower with f-m antenna, 21 

Ammeter, antenna, remote indicating, 31 

Amplifier, iKtInmeter, 517 

Amplifier, direct-coupled r-f, 379 

Amplifier for f-m moniUiring, 790 

Amplifier low-frequency com|)e.nsation, OKM 

Amplifier, pulse, 407 

Amplifier rm^MJiise tester, 407 

Amplifier, self-switching r-f, 182 

Amplifier, stagger-tunod, 082 

Amplifiers, d-e, 251 283 

Amplifiers, widivband i-f, 620 

Amplitude control, rmcillator, 377 

Analyats of audio distortion, 87 

Analysis of cathode followers, 137 

Analysis of full-w'ave rectifier, 524 

Analysis of tube shrinkage, 556 

Analyser, audio harmonic, 94 

Analyser, interraodulation, 115, 116 

Analyser, transient video, 714 

Antenna ammeter, remote indicating, 31 

Antenna, artificial, 39 

Antenna beam evaluator, microwave. 44 

Antenna bridge amplifier, 379 

Antenna^ cavity, 37 

Antenna charaeteristica, aircraft, 32 

Antenna coupler, f-m, 21 

Antenna coupling to waveguide, 469 

Antenna coupling tranaformer, 16 

Antenna impedance meaaurement, 354, 374 

Antenna impedance meter, 381 

Antoina, low-impedanee loop, 16 

Antenna meter, elip^n, 27 

Antenna pattern plotter, 34 

Antenna pattern recorder, 44 

Antenna phaae monitor, 9 

Antenna phaaing networks, 5 

Antenna power divider, 4 

Antenna radiation pattema, 1 

Antenna raaisteaoe maaaurement, 30l 

Antenna, siotted-eylinder, 38 

Antenna, triplex, for tv and f-m, 38 

Antenna, two^tation oooparativa, 36 

Antennae, airoraft, 33 

Antennae, directional, adjuatawnt of, 11 

Antennaa, f-m and tv receiving, 30 

Antennaa, muHi-sriie dlpola, 14 

Apertures in cavHiee, 463 

Applioatione, auponegaMmtive circuit, 617 

Approach to waveguides, 447 

ArtUidal antenna, 80 

Agymmetrieal multivibrator, 700 

Attentuation in waveguidas, 460, 456 

Attenuator, electronic, 80 

Attenuator, piteon, 619 

Aiidb crateOfver network, 86,08 


Audio distortion analysis. 115, 116 

Audio filter design, 291 

Audio frequency meter, 571 

Audio generator, high {siwer, 547 

Audio harmonic wave analyser, 94 

Audio inductor design, 234 

Audio limiters, 627 

Audio mixer design, 72 

Audio noise reduction circuits, 57, 60, 66, 71 

Audio (iscillaUir, tiierinistor-regulated, 103 

Audio phase reverser, automatic, 83 

Audio phase-shift oscillator. 121 

Audio record noise suppressor, .57, 60, 66, 71 

Audio wow meter for reconliiig, 97 

Automatic amplitude control, fstcillaior, 377 

Automatic audio phase reveraer, 83 

Automatic liattery charger, 545 

Automatic controls for broadcast transmitters, 821 

Automatic fader, 74 

Autfimatic gam control, audio, .S3 

Automatic limit bridge. 567 


i 


Background noise suppreswjr, 59, 60. 66, 71 

Balanced linos, impedance, 753 

Balanced-inotlulution a-in circuit, 790 

Balanced modulator for speech inversion, 815 

Bandpass Biters, 292 

Bandwidth for pulses, 407 

Bandwidth vs noise, 140 

Battery charging control, 545 

Beam blanking, oscilloscope, 394 

Beam evaluator, microwave antenna. 44 

Beat-frequency interference chart, 660 

Beat-frequency oscillator, 370 

Beat-frequency tone generator, 91 

B-H curve tracer, 585 

Bias from contact potential, 666 

Bias supply, stabilised, 540 

Bias voltage with diode, 664 

Bisoctable reactance networks, 203 

Blanking, oacillaeoope, 394 

Blocking cMcillator, 434 

Blocking oscillator, timing, 676 

Bolometer aniplifter, 517 

Bolometer, d-c amplifier, 265 

Bolometer, signal-detecting, 34 

Bootstrap circuit, 711 

Breakdown alarm, transmitter, 774 

Bridge ampliher, 379 

Bridge, automatic limit. 567 

Bridge-balanced amplifiere, 262 

Bridge, compariaon, 570 

Bridge rectifier, 638 

Bridg«»-type phaae ehifter, 311 

Bridling amplifier, audio, 83 

Bridging amplifier for f-m mcmitoriug, 796 

Broadcast array idwse monitor, 0 

Broadcast array phasing networks, 6 

Broadcast array power divider, 4 

Broadcast army, twiMileroent, 4 

Broadcast carrier alann, 811 

Broadoast frequency monltoriug* 483 

Broadcast receiver loop antenna, 16 

Broadcast reoeivere, permeability tuning, 645, 646, 647, 653 

Broadcast r-f bridge, 864 

Bridge, r*f, for broedoeet stetionB, 354 

Broadcast station antenna ammeter, 81 

Broedoast station cuing system, 835 

Broadcast station vohinie compressor, 106 


Broadcast studio fader, 74 
Broadcast studio mixer design, 72 
Broadcast studio noiw.* suppressor, 60, 66 
Broadcast traiiHtnitter controls. 821 
Hursts, measurement of vhf, 352 
Butterfly circuit, 359 
Butterfly circuits, coaxial, 474 
Butterfly oseillutur, 501 
Buucr Signal generator. 3,000 me, 508 

c 

Cable design, high-frequency, 760 

C'ahle pro|)agation velocity, 439 

('alculator, db gain-Iuss, 212 

Calibrating lalmratory standards against WWV, 384 

C'ahbratiun, time-base, 404 

Calibrator, microphone, lOO 

C'alibrator, osciIIohco^m*, 404 

Cancellation of interfering signals, 661 

Capacitor testing, 577 

Capacitors, resonance in, 23^1 

Currier-current signal voltmeter, 445 

('urrier-difTcrence television sound reception, 673, 678 

('arrier-failure and t.one alarm, 811 

Carrier-freipiency voltmeter, 445 

(’arrier system, f-m, 805 

Cascade phase-shift rnixiulator, 779 

CoBcariwl cathode phase inverters, 126 

('athode follower analysis, 137 

Cathode follower circuits, 125, 131 

Cathode follower coupling in d-c amplifiers. 283 

Catluide follower for square waves, 139 

Cathrsle follower nomographs, 131, 209, 210, 211 

Cathode follower, very low output resistance, 189 

Cathodf>-coupl(Hl half-shot multivibrator, 199 

Cathfxle-cuupled multi vibrator, 700 

Cathode-coupled phase inverter, 796 

('athnde-coupled voltmeter, 416 

r'nthode-driven discriminator, 590 

Cathode-follow'er d-c amplifier, 278, 281 

Catiiode-follower oscillator, 218 

Cathode-loaded {xiwer amplifier, 131 

Cathode-ray atial)'sis of audio, 87 

Cathode-ray curves for iutjes, 840 

Cathode-ray osniUoscopc, 398 

Catlinde-ray oacilloscnpe, wide-hand, 394 

Cathode-ray phase measurement. 428 

C'Etliode-ray Q meter, 403 

Cathode-ray screen testing. 849 

Cathode-ray television analyser, 720 

Cathode-ray tube pattern photographing, 861 

Cathode-ray video analyser, 714 

('avitiee, apertures in, 462 

Cavity aircraft antenna, 37 

Canty oscillator circuits, 466 

Central signal generator for production testing, 562 

Characteristic impedance of lialanced lines, 753 

Characteristics, crystals, 243 

('haraoteristies, magnetic recording, 107 

Characteristics of cathode followers, 131, 137, 209, 210, 311 

Characteristics, tube filament, 826 

Chaiger control, battery, 545 

Charging circuits, exponential, 170 

Cheeking uhf oscillator stability, 385 

Choke, swinging, 812 

Chart, beat-frequency interference, 660 

Chart, filter ripple, 544 

Chart, f-m service areas, 780 

Chart, line mismatch, 757 

Chart lea&Mr, 848 
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diMt, tsIevinoD resolution, 736 

Chart, television service areas, 738 

Chart, transmission line misinatch, 757 

Charts, mixer frequency, 669 

dreuits, flat - late vhf, 799 

CIreuite, multivibrator, 709 

Circular sweep fenerator, 428 

Cbeular waveguide fields, 468 

Clamping circuits, 091 

Clip-on antenna meter, 27 

Clipping and clamping oimuits, 691 

Coaxial butterfly circuits, 474 

Coaxial line adjustments, 497 

Coax reactance measurement, 374 

Coax-waveguide comparison, 447 

Code reception, 056 

Coefficients, temperature, 227 

Coils, measurement of, 239 

Coils, mutual inductance of, 232 

Combination antenna, two-station, 26 

Combination f-m/a-m receiver, 697 

Combination f-m/a-m transmitting antenna, 21 

Combination f-m/tv antenna, triplex, 23 

Communication system bandwidth vs noise, 140 

Conununieation system noise, 214 

Comparstor for coaxial line adjustmenta, 497 

Comparison bridge, 670 

Compensation, amplifier, low-frequency, 688 

Comprasatiou circuits, crystal pickup. 49 

Complex components, measuring, 424 

Components of uhf field meters, 369 

Composite sync signal, 722 

Compressor, volume, 106 

Conoentrir coils, mutual inductance of. 232 

Cooeentricity tester, 684 

Constant-current circuits, 170 

Constant-impedance networks, audio, 80 

Construction of shielded room, 430, 432 

Contact potential, diode, 666 

Continuously variable radio remote control, 669 

Conversion chart, impedance-admittance, 213 

Conversion from series to parallel impedance, 187 

Converter, single-sideband, 612 

Cooperative two-etetion antenna, 26 

Correction, diode voltmeter, 419 

Correction of sweep linearity, 711 

Counter circuits for television, 728 

Coupler, f-m antenna, 21 

Cwqfling for telephone recording, 123 

CMimver network, audio, 86, 92 

Otyelel filters, singlaaideband, 306 

Ctjstal oscillator stability, 771 

C r ystal pickup compensation oircuite, 49 

Oryatal reetifiimi, 2^ 

Ciystal voltmeter, 428 
Ciyetal-oontroUed multivibrator, 404 
Cteng system for broadcast stations, 826 
Cummt oscillator for televieton sweep, 696 
Curve tracer, B-H, 686 
Curve-tiaoer for aoouetic devioee, 679 
C-W reoeption, noise-free, 666 
Cylinder antenna, f-m and tv, 28 


D 


DB gain-iom calculator, 312 
D-C amplifier design techniques, 367 
D-C amplifier for bolometeni, 366 
D-C amplifier for low-level signela, 366 
J>-C amplifiers, 261'-383 
D-C voltmeter, high-resietanee, 441 
Daerament measurement, 403 
Delay circuit, phantastron, 174 
Dday line, 317 ^ 

Delay multivibrator, 434 

Derign, eathode follower, 135, 131 

Design fimtofs for interoarrier televieion sound, 678 

De^p) of dummy antennas, 39 

Dairign of f-m sg^ generator, 866 

Dungn of loudipeaker dividing networka, 93 

Design of iiffiantaBtroD cirouite, 174 

Dangn of transmimion line tank oircuite, 748 

Diiifn, paralM-T network, 197 

Derign, phaae-ehift osriUalor, 121 

Detector, hiiri^-level. 664 

Detector, superregenerathre, 606, 609,613 

Davintion measurement, f-m, 812 

Diariienny interforenee mpprssrioa, 433 

D Mlwe ntia l amplifler, f-m, 796 


Differentiating circuit analysis, 694 

Diode contact potential for negative bias, 666 

Diode for bias voltage, 664 

Diode noise generator, 390 

Diode voltmeter pulse response, 419 

Diplexer, antenna, 23 

Dipole antennas, multi-wire. 14 

Dipoles, f-m and tv, 20 

Di|ioles, stacked, f-m and tv, 20 

Direct-coupled amplifiers, 251 -283 

Direct-coupled oscilloscope, 398 

Direct-coupled r-f amplifier, 379 

Directrcuiront amplifiers, 261- 283 

Directiunai antenna phase monitor, 9 

Directional antennas, 4, 6 

Directions! antennas, adjustment, 11 

Directly coupled phase invertor, 666 

Directors, f-m and tv receiving, 20 

I>t8chiirging circuits, exponential. 170 

DiscriraiiuLtur, f-m adjustable bandwidth, 690 

Discriminator, heptode, 693 

Disk-seal oacillatore. 466, 474, 609 

Disk-seal tubes, 844 

Distortion analsmis, audio, 87, 115, 116 

Distortion, audio luirmonic, 94 

Distortion, harmonic, 188 

Distortion, record, correction of. 49 

Diatributod capacitance measurement, coils, 239 

Dividing networks, audio, 86, 92 

Doublet antennas, 14 

I>ummy antenna, 39 

Dynamic noiae suppresaor, 57, 60, 66 

Dynamic suppresaion of phomi noiae, 67, 60 


I 

ii^les-Jordan multivibrator, 709 
Economical television system, 743 
Effect! \'e resistance of coib, 239 
Electronic heating interference, 432 
Electronic relay, voice-operated, 113 
Electronic scanner for charts, 348 
Electronic switch for pulse production, 413 
Elliptical sweep, 434 
Enamel film tester, 584 
Engineering approach to waveguides, 447 
Eniac tube failures, 837 
Fkiualiser, three-band variable, 80 
Equivalent series and parallel impedances, 197 
Error, tracking, 662 
Expander, volume, 76, 79 
Exponential charge and dischaige circuits, 170 
Exposures for e-r tube photography, 861 


f 

Fader, automatic, 74 
Failures, tube, 837 

FCC frequency measurement techniqueB, 867 

FCC performance requirements, f-^, 764 

Feed, effect on antennas, 1 

Field strength meter, uhf, 369 

rarids, oireular waveguide, 468 

Fields, reetangular waveguide, 447 

Filament and heater charactoristics, 830 

Filtor chart, K-C, 289 

Filter, r-f heating, 432 

Filter ripple chart, 644 

FUleni for eleotronio equipment, SOI 

FUtera, high and kiw-pem, 291 

FUtere, incidental dissipation, 296 

FUten, R-C; bandpass, 292 

FUtere, rsactaiuM network, 203 

Filters, >i noise, 301 

FUteni, ringteHodebaad crystal, 306 

Flat-plftte tranaroiarioii lines, vhf, 799 

F-M and A-M reeriver, 697 

F-M antenna coupler, 21 

F-M erystal vritmetar. 423 

F-M deteotor, einglaedage, 693 

F-M dneruninator, adjuatablo-baiidiridth, 890 

F-M impedanee mea enim ient, 874 

F-M impedanee meter, 881 

F-M Umitar, aynahtonieed, 698 

F-M modulator eirouii, 776,786 

F-M modulator, earrMoid, 786 

F-M phaeaehift modulator, 779,786 

F-M raaelanee modulaton, 7flB. 770 


F-M receiving antennas, 20 

K-M service areas, 789 

F-M short-range carrier system, 805 

F-M signal generator, 365 

F-M squelch circuits, 604 

F-M sweep oscUlator, 365, 370 

F-M transmitter performance measurements, 764 

F-M transmitter power measurement, 379 

F-M transmitter wattmeter, 380 

F-M transmitting antenna, triplex, 23 

Folded dipoles, 14 

Folded difsiles, f-m and tv, 20 

Foolproof cuing fur broadcast station, 826 

Fo8tor-8eeley discriminator, 590 

Frame analyser, television, 720 

Free-field sound room simulator, 100 

Frequency comparator, uhf, 386 

Frequency control, microwave, 479 

Frequency control, oscillator, 186 

Frequency deviation measurement, f-m, 812 

Frequency divider, half-ehot, 199 

Frequency divider, television, 728 

Frequency drift cunipeiuuition, 227 

Frequency measurement techniques, 367 

Frequency measurements, 433 

Frequency meter, audio, 671 

Frequency meter, grid-dip, 428 

Frequency meter, shf heterod 3 me, 601 

Frequency response of numnetie recording, 107 

Frequency reeponse recorder, audio, 100 

Frequency stability of tuned circuits, 221 

Frequency standard, secondary, 771 

Frequency standards, calibrating, 384 

Frequency-scanning vhf impedanee meter, 381 

Full-wave doubler rectifier, 628 

Full-wave rectifier analysis, 624 


O 

Gain-loss calculator, 212 

Gas tubss, noise, 870 

Oas-tube bridge rectifier, 628 

Gas-tulw coupling for d-r amplifiers, 278 

Gate circuit, noiae suppressor, 57, 60 

Generator, audio tone, 91 

Generator, busier, 3,000-mc, 508 

Generator, crystal, adjustable, 378 

Generator, f-m, 366 

Generator, high-power audio, 547 

Generator, klystron, 370 

Generator, noise, 387, 390 

Generator, pulse, 413 

Generator, televieion sync, 722 

Generator, wide-range, 377 

Germanium crystal reotifieni, 243 

Germanium diodes for noise reduction, 66 

Graphical design of multivibraton, 686 

Graphical determination of harmonic diatortion, 188 

Graphical solutions for cathode foUowers, 131 

Grid-dip oscillator, 428 

Orounded-giid power amplifiers, 826 
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Half-shot multivibrator, 199 
Half-wave doubler rectifier, 628 
Half-wave ractifier, 628 
Harmonic distortion determination, 188 
Harmonic diatortion teato, 116 
Harmonie wave analyatr, audio, 94 
Hartley law, 140 

Heater proteetton from suigai, 082 
Heptode f-m disoriininator, 693 
Heterodyne frsquMiey meter, ehf, 601 
Heterodyne interfennee nduetlon, flfll 
Heterodyne iwcbod, 386 
High aiM tew-pam filter iterign, 291 
HriMeettmey rignal generatert 378 
High-eurrent d-e ampUfiar, 276 
Hl^fraqiNBoy eable cteriga, 780 
Bigh-friqu«wy eiyitel voltmeter, 428 
SQ^i-gab d-e amplifier, 280 
jEOglNspedanoe eroasover network, 86 
HiglMenritivlty d-e empHfler, 281 
HigtHipeid rerirtpir ttittr» 876 
HoeModiMiag efaoiiit, 787 
Hyelsroris enm tweer, 666 
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1-F«mplifien,020 
Ifniftion noiae meMurement, 393 
Iiufuuuy oomponents, niMRuring, 434 
ImpacUnoa, h«lanoed linea, 763 
Impedftnoe, cmthode follower ou^t, 211 
Impedenee eonvemion, eeriee to peniUel, 187 
ImpecUnoe meMurement, ooil, 230 
Impedenoe meMurementB, 427 
Impedance meaeuramenUi, uhf, 404 
Impedance meamirementa, vhf, 374, 480 
Impedanoe meter, vhf, 381 
Impedance nomonraph, 213 
ImpedanocHMlmlttance convereion chart, 213 
lmpedanoe>inatohing pi networlu, 301 
Impedanoee, equivalent eeriee and parallel, 107 
Impedancee, atabiliaed negative, 14H 
Incidental dieeipation in filtera, 206 
Inductance meaeurement, 230 
tnduoianoe meter, r-f, 224 
Inductance tuning, 646, 646, 647 
Inductore, iron-core, 234 

Inatrument fur intemiodulation meeeuremente, 115, 116 

Intercarrier eyetem for televieion aound, 673, 678 

Interference chart, 600 

Interference reduction, heterodyne. 661 

Interference, r^f heating, 432 

Intemiodulation meaaurementa, 116, 116 

Intemiodulation teating, 116 

Invenion, apeeoh, 815 

Inverter, phaee, tM 

Ionosphere equipment for held uae, 346 

Ionosphere measuring equipment, 340 

Iron-core components in pulse amplifiers, 702 

Iron-core inductor oaloulationa, 234 


K 


Klystron osciliatoni, 370, 616, 840 


L 


Lalxtratory atandanls, calibrating, 384 

Laboratory, television receiver, 732 

Lamination B-H teeter, 686 

Lattice networks, 144 

Lattice-type crystal filters, 306 

Lightiiouse tubes, 844 

Limit bridge, automatic, 667 

Limit bridge, reeietanoe, 676 

Limiter, f-m synchronised osoUlator, 668 

limiter, nonlinear, 606 

limitem, noise and output, 627 

Limiting ampUBer, audio, 53 

Linear sweep nircuite, 711 

Linearity correction, 711 

line-iaolatipn amplifier, television, 732 

lines, balanced, impedance, 753 

Lite wire eoldering, 583 

Loading, voltmeter, 201 

Long^liersistenoe o-r sereens, 846 

Loop antenna, broadoast, 16 

Loot chart for tranimission line mismateh, 767 

Loudspeaker eroseover network, 86, 02 

Loudqieaker responee reeorder, 100 

Low-distortion erossover network, 86, 02 

Low-frsqueney ooropenaation, amplifier, 688 

Low-Impedance croeeover network, 68 

Low-impedanee loop antenna, 16 

Low-impedance reeclanaee for vhf, 766 

Low-peaa Alter design, 261 

Luminosity, televiaion pieturs, 730 


M 


Magnetic cbaraeteriatics tester, 386 
Magnetic recording, rasponee of, 107 
Manufacture, tube, quattty, 653 
Manulaeture, tube, quality ocnlrol, 668 
Maaufhotiire. tube, shrinkage, 660 
MMHiCMiiiriag aamitivity Umite, 650 
M eeaurement, antenna impedanoe, 864 
MeMuramani, audio harmimio diatortloii, 94 
Maaaunnaant, oarriar ffaquMmoa, 446 
Ummmamt, daarement, 408 
Ummumit fraquaney, 857,488 


Meaeurement, frequency deviation, 812 

Measurement, frequency, shf, 501 

Mceeuremeni, intennoduiation, 115, 116 

Meaeurement, noise, 363 

Meeaurement, noise figure, 387, 360 

Meeaurement of velocity of propagation in cable, 436 

Meeaurement of vhf bursts, 362 

Meesursnient, phase, 428 

Meeauremont, Q, 403 

Measurement, uhf field strength, 350 

Meeaurement, voltage, of high-resistanoc source, 441 

Measurements, aircraft antenna, 32 

Measurenoenta, f-m transmitter, 704 

Measurements, impedance, 427 

Measurements, uhf impedsjice, 464 

Meesurements, vhf impedance, 374, 381, 486 

Measurements, vhf power. 376, 386 

MeasursinenU, vhf receiver, 653 

Mcesuring antenna R and L, 11 

Measuring audio distortion, 87 

Measuring broadcast frcquenckw, 433 

Measuring coil characteristics, 230 

Measuring complex oompuuents, 424 

Measuring equipment, ionosphere, 840, 345 

Measuring mutual inductance, 444 

Measuring pulse characteristics. 434 

Memory circuit, audio, 53 

Mercury vapor rectifier teste, 872 

Meiallie-uxide detector, 654 

Meter, audio frequency, 671 

Meier, clip-on antenna, 27 

Meter, frequency, 433 

Meter, frequency, grid-dip, 428 

Meter, noiee, 363 

Meter, phaee, 428 

Meter, Q. 403 

Meter, r-f inductance, 224 

Meter, slif heterodyne frequency, 601 

Meter, standing wave, 620 

Meter, wow, 67 

Method, FC(!' frKiuency-nwMuring, 357 
Method of plotting tracking error, 652 
Methods of correcting sweep linearity, 713 
Mica capacitor reeonanoc, 233 
Microphone calibrator, 100 
Microsecond time delay circuits, 174 
Microwave afe, 476 

Microwave antenna beam evaluator, 44 
Microwave filter, 430 
Microwave power supply, 540 
Microwave signal generator, SON 
Microwave tuning systems, 476 
Miller sweep circuit, 174 
Minimum attenuation in waveguides, 465 
Mismatcii loes chart, 757 
Mixer design, audio, 72 
High-level detector, 654 
High-(4 iron-cored inductor calculations, 284 
High-resistanoe d-c voltmeter, 441 
Mixer for frequency comparison, 385 
Mixer frsquenoy charts, 666 
Model antenna teate, 34 
Mudea, waveguideB, 447, 468 
Modulation booster, 106 
Modulator, eaecade phaee-ahift, 779 
Modulator, f-m eerrasoid, 785 
Modulator, high-level a-m, 790 
Modulator, reactance, 768, 770 
Modulator, wide-angle pheae, 775 
Monitor amplifier, f-m, 796 
Monitor, antenna phaee, 9 
Monitoring broadoast frequencies, 433 
Multivibrator, 433 
Multivibrator oirouiCa, 709 
Multivibrator, crystal-controlled, 404 
Multivibrator design, graphical, 686 
Multivibrator frequmicy ^vider, 434 
Multivibrator, half-shot, 196 
Multivibrator, manual delay, 434 
Multivibrator, phantastron, 174 
Multivibrator switch, 182 
Multi-voltage regulated power supplies, 687 
Multi-wire dipole antennas, 14 
Mutual capacitance measurement, 444 
Mutual inductance meeaurement, 444 
Mutual induetanes of concentric eoUs, 236 


N 

Narrow-band d«e ampUfim', 866 
Negative Impedances, stabilised, 148 


Network, audio creseover, 86, 92 

Network design, parailel-T, 167 

Network, phase-shifting, 311 

Networks, ciystal pickup compensation, 49 

Networks, phase shift, 144 

Networks, reactance, 203 

Neutralising tests, 810 

Noise and output limiters, 627 

Noise figure measurement, 387, 860 

Noise filters, 301 

Noise generator, 387, 300 

Noise in oommunioation systems, 140 

Noise in gas tubes, 870 

Noise meter, 303 

Noise ratios, 214 

Noise, receiver, 624 

Noise reduction circuits, 67, 60, 66. 71 

Noise suppressor, Scott, 57, 60 

Noise-free code reception, 656 

Nomograph, liarmonic distortion, 188 

Nomograph, impedance, 213 

Nomograph, mutual inductance, 232 

Nomograph, phase-shifter, 311 

Nomograph, piston attenuator, 519 

Nomograph, R-C filter, 286 

Nomograph, seriea-parallei impedance, 187 

Nomograph, square-wave response, 708 

Nomograph, voltmeter loading, 201 

Nomographs, cathode follower, 131, 206, 210, 211 

Nomographs, phase-shift oscillator, 121 

Nomographs, reverberation time, 112 

Nonlmear limiter, 566 

Null indicator circuit, 676 


O 

Olson noiBe suppressor, 66 
OncHihot multivibrator, 706 
Operating point of self-biased tubes, 835 
Oscillator amplitude control, 877 
Oscillator, beat-frequency audio, 61 
Oscillator, blocking, 676 
Oscillator, cathode-follower, 218 
Oscillator, crystal, adjustable, 378 
Oscillator, current, 698 
Oscillator design, phase-shift, 121 
Oscillator frequency comparator, 385 
Qaeillator frequency control, 186 
Oscillator, frequency-modulated, 768 
Oscillator, grid-dip, 428 
Oscillator, pulse-modulated, 161 
OMiiUator, R-C. 189 
Oscillator stability, crystal, 771 
Oscillator stability, uhf, 385 
Oscillator stabilisation reflex, 514 
OioiUator, sweeping, 370 
Oscillator, thermistor-rogulatod audio, 103 
Oscillator, three-centimeter, 515 
Oscillator, two-terminal, 218 
Oscillator, variable-frequency. 25-om, 512 
Oscillaton, cavity, 466 
Oscillators, klystron, 849 
OseUlators, synchronised, as limiters, 668 
Oscillators, uhf, stability of. 609 
OsciUosoope adapter, television, 732 
Osoilloseope, direct-coupled, 368 
OioiUoeoope for pulse studies, 394 
Osoilkieoope for tube curves, 840 
OseiUoeoope, phese-meeauring, 428 
OseUloeoope, television, 720 
Output ooQtrol. signal generator, 377 
Output limiters, 

Output meter, uhf, 356 
Output transformer crossover network, 86 
Output transformer response, audio, 87 
Overmodulation indicator, 814 
Overmodulation without sideband splatter, 790 
Overvoltage testing of capacitors, 577 


F 

PaialM-T filter, 292 
ParalM-T network daeign, 167 
Pattern photographing, o-r, 861 
Pattern plotter, antenna, 34 
Peak limiter, audio, 53, 106 
Peak-to-peak voltmeter, 416 
Paotegrid phantastron, 174 
Pentode cathode foUower nomograph, 210 
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PentfKle plmniadtron, 174 
PerforniHiicc UistM, f-m tmumiiitUir, 764 
Pernieiibility tuninK, 647 

Perm«ttbility-tu»wl l•irru^t. tmc'kinK, 646, 646, 652 

Plmiitantron tirne dfliiy oircint«, 174 

l%aw) iiiverU^r. iliwtly couple<l, 055 

PhiiiM.* meter, 428 

Phase mcKiulalttr, wide-an^le, 775 

Phase monitor for broadrast arrays, 0 

Phase reverser, automatic, audio, K.‘i 

Phase shift networks, 144 

Phase shifter, 464 

Phase splitter, 464 

Phase*sbift oscillator, audio, 106 

Phase>shift oscillator desiRii, 121 

Phase*shifter nomograph, 611 

Phasing networks, antenna, 5 

Phonograph noise suppressor, 57, 60, 66, 71 

Phonograph record noise rcaluction, 57, 60, 66, 71 

Phono recording wow measurement, 07 

Phono record res|)ons(w, 40 

Photoelei-trii* {rower measurement, 370 

Photographing {latterns on c-r tulies, 861 

Photometry in television, 739 

Pi networks as tank circuits, 301 

Pickup comfienaation circuits, 40 

Picture quality, 760 

Pilot lamp protection from surges, 662 

Piston attenuator. 519 

Plate<loa<le<l catluide follow'ers, 161 

Plotter, aircraft antenna pattern, 64 

Plotter, microwave antenna pattern, 44 

Plotter, response curve, 570 

Plotting tracking error. 652 

Pblar response plotter, audio, 100 

Polyphase measurements, 428 

Power amplifiers, gruuiided*gnd, 826 

Power divider, antenna, 4 

Power factor measurement, coils, 230 

Pow*er meusureincnts, vhf, 379, 386 

Power supplies, vultage*regulated, 532, 537, 530, 540 

Power supply, motor>controlled, 540 

Production limit bridge, 567 

Production signal generator, 562 

Production feet bridge, 570 

Progar, 5.6 

Propagation of very short waves, 321 
Propagation velocity in cable, 430 
Pulse amplifier comtsments, 702 
Pulse bandwidth requirements, 407 
Pulse counter, 434 
Pulse delay network, 317 
Paine generator, 413, 428 
Pulae generator, triggering, 404 
Pulse measurements, 434 
Pulse oscilloscope, 304 
Puke response of diode voltmeters, 419 
Pulse traitolormer design, 702 
Ihike transmisaion in ampUfiers, 407 
Puke voltmeter, 419 
Puked ionosphere measurements, 345 
Puked rectifiers, tekvision, 713 
Puke-modulated oscillator, 191 
Pttke^tretching circuit, 410 
Piake-type tube tester, 572 
Push-pull cathode follower, 131 
PUsh-puil votume expander, 75 


Q 


measurement, ooik, 239 
Q meter, 404 

Quality control in tube maj^/aeture, 568 
Quality engineering in tube manufacture, 563 


t 


Radiation from r-f heating generators, 432 
Radiation meter, antenna, 27 
Radktkm patterns, antenna, 1 
Radio control circuit, 672 
Radio manufacturing sensitivity limits, 560 
Radio remote control, 060 
R adio static generator, 387, 300 
bandpass filters, 202 
R>C oseilltUxir design, 180 
R>C tuning of tone generator, 91 
R mi rt a n c ie modulator, 866, 868, 770 


Ileartaiicu networks vrith Resistance terminations, 203 

Reactauce-tulM) rumotc tuning, 667 

Real values, measuring, 424 

Receiver, f-m and a-m, 597 

Receiver lttl>orat<)ry, television, 7.62 

Receiver meiwurements, vhf, 653 

Receiver mixer frequencies, 659 

Rd-oiver iioiw, 624 

Receiver seriHitivity limits, 550 

Kei'eivei R<)ueleh circuits, f-m, 604 

Receiver static generator, .*i87, 390 

Re4*eiver testing, television, 739 

Heeeiveis, {lermeiibility tuning, 645, 646, 647 

ReceiveiK. remote tuning, 667 

Receivers, remotely controlled, 669 

Receiving anterinas, f-m and tv, 20 

Rece{ition, cikIc, noise-free, 656 

Re<‘e|)tion. single-sideliatul, 639 

Ret'onl noise supiiressor. 57, 60, 66, 71 

Kci*iird resiKinse, {ihuno test, 40 

Recorder, audio fre<|uenry res|Mmse, 100 

Rifonlei, microwave antenna pattern, 44 

Ret'order, radiation {aittern, 34 

Reconier, voiee-o|>erate<l, 113 

Recording, magnetic, 107 

Recording sky-wave signals, .348 

Kei'ording, tele|>hnne, 126 

lieconling, wow measurement, 97 

Rectangular waveguides, 447, 450 

Rectifier analysts, .524 

Rectifier circuits, 528 

Rectifiers, crystal, 246 

Rectifiers, mercury vaj[>or, 872 

Rectifiers, (lulsed, 713 

Reduction of heterodyne interfenMu*e, 661 

Re-entrant cavity oscillators, 466 

Reflectors, f-m and tv receiving, 20 

Hefiex d-c voltmeter. 441 

Hefiex klystron oscillator, 370 

Reflex (MicilUtor stabiliaation, 514 

Regulatfsi faiwer supplies, 5.32. .537, 539, 540 

Relay, voice-operaterl, 113 

Remote control of receivers, 660 

Remote indicating antenna ammeter, 31 

Remote overmoduiatioii indicator, 814 

Remote tuning with reactance tulies, 667 

Remote-controlled uhf rcfaxiter, 802 

Roficater station, ufli, 802 

Resistance comparator, 575 

Resistance tester, 575 

Resistance-capacitance filter chart. 280 

Resolutinn chart, television, 735 

Resoiuuice in mica caiiacitors, 2.'13 

Resonator, uhf, ;i59 

Responao, analysis of audio, 87 

Response, magnetic recording, 107 

Response, phono test reconls, 49 

Response, square-wave, 708 

Reverberation time nomographs, 112 

Reverser, automatic audio phase, 83 

R-F amplifier, direct-coupled, 370 

R-F amplifier, self-switching, 1H2 

R-F bridge for broadcast stations, 364 

R-F heating interference, 432 

R-F inductance meter, 224 

R-F power measurement, 370 

Hippie analysis, 624 

Ripple chart for filters, 544 

RMA television resolution chart, 736 

Rotobridge, 667 


% 


Sawtooth sweep circuits, 711 

Seale model antenna tests, 34 

Scanner for eharte, 348 

Soott noise suppressor, 57, 60 

Scrambler, speech, 815 

Screen tasting, cathtxie-ray, 849 

Sersen-coupM cathode follower, 283 

Seleetivity, receiver, 653 

Selectivity, superregenerative detector, 618 

Self-bite, 836 

Salf-ewitehing r-f amplifier, 182 
Semi-eonductors, 243 

Seneitivity limits in radio raanufaeturlnc, 660 
Series and parallel impadaiuiee, 197 
Seriea-paimUel impedance converskm, 187 
Serrasoid f-m moduiator, 785 
Service area charts, tekvisum, J88 


Service areas, f-m, 789 

SHF heterodyne frec{uoiicy meter, 501 

Shielded room, 430, 432 

Shrinkage analysiH in tuiie manufacture, 556 

Shunt diode for bias, 664 

Signal generator, busier, 508 

Signal generator, crystal, 378 

Signal generator, f-m, 665 

Signal generator, klyatron, 370 

Signal generator, pnxluction, 562 

Signal generator, television sync, 722 

Signal generator, wide-mrige, 377 

Signal source, noise, 387, 390 

Signal-to-noise ratios, 214 

.Silicon crystal rectifiers, 243 

Simplified microwave ufc, 479 

Simplified single-sideliand reciqition, 6.39 

Simplified television system, 746 

Single-sideband adaptor, 613 

Singlfl-sideliand converter, 612 

Single-sideband crystal filters, 306 

Singlrssidelvind reception, 660 

Single-Mideliaiul telephony. 144 

Single-signal Hingle-sidoband adappjr, 646 

Single-stage f-m detector, 503 

Sky-wave signals, recording, 348 

Sky-wave transmission, 2-mc, 361 

Slot antenna, f-m and tv, 28 

Slots in lutvities, 462 

Slotted tninsinission line, vhf, 480 

Slotletl-cylinder antenna, 28 

Soldering Lite ends, .586 

Sound absorption nomograph, 112 

Sound rt'verlieration nomografih, 112 

Speaker crossover network, 85, 92 

Speaker resfxmse recjvrder, 100 

Speech scrambling methixls, 815 

Splatter suiipressuui, 790 

Square-wave diffumritiuting circuit analysis, 694 

Square-wave multivibmU>r, 709 

Square-wave response, 407, 708 

Squelch ciicuits for f-in receivers. 6(M 

Stable d-c amplifier, 271 

Stable voltmeter, 416 

Stability of crystal oscillators. 771 

Stability of tuned circuits, 221 

Stability of uhf oscillators, 385, 509 

Stabiliiation of reflex oseillatom, 514 

Stabilised bias sufiply, .546 

Stabilised d-c amplifier with high sensitivity, 281 

Stabilised negative impedances, 148 

Stabiliser for r-f oscillator, 186 

Stacked dipoles, f-m and tv, 20 

Staggc^i^^uned amplifier design, 682 

Stagger-tuned i-f amplifiers, 620 

Standaixl frequency, secondary, 771 

Standard phono record responaea, 49 

Standard television teat chart, 735 

Standards, frequency, WWV, 384 

Standing wave meaaurement, 494 

Standing wave meter, 520 

Static for radio receiver teats, 387, 390 

Studio audio facilitiea, 53 

Studio fader, automatic, 74 

Studio mixer, broadcast, 72 

Superregenerative etreuii applicationa, 617 

Superregenerative detection theory, 606, 009, 618 

Supertumatile antenna, 23 

Suppreaaion, diathermy iiiterferenoe, 432 

Suppreaaion of aplatter, 790 

Suppreaaor, noiae, 67, flO, 66, 71 

Surge protection of heatert, 662 

Surgekm volume expander, 79 

Survey of d-c ampUfiem, 261 

Sweep circuits, linear, 711 

Sweep generator, f-m, 366 

Sweep oscillator, tekvision, 606 

Sweeping oecillator, 370 

Sweeps for high voltage, 713 

Swinging filter choke, 312 

Switch, electronic, 413 

Switch, multivibrator, 162 

Synchronised oscillators as f-m Umiteni, 696 

Synchronising signal generator, 722 


T 

Tank otreuit frequency eontrol, 186 
Tank circuits, pi network, 801 
Tank circuits, transmiskoo Una, 746 
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Tape recorder frequency reeponee, 107 

Teohnique, cable pro|>agation velocity meaBurement, 430 

Technique, F(*C frequency-measuring, 367 

Teohnique for distortion analysis, H7 

Technique, impedance-measuring, 427 

Technique, pulse-measuring, 4«'H 

Technique, shielded room, 430, 432 

Teohnique, uhf field strength, 360 

Telephone recording, 123 

Television clippers and clamtjcrs, 001 

Television counter circuits, 728 

Television crystal voltmeter, 423 

Television i-f uitipliOer, 082 

Television impedance measurement, 374 

Television impeilance meter, 381 

Television ititercarrier system, 673, 078 

Television line-isi»lHtion amplifier. 732 

Television osciil(Nscu|>e, 304, 720 

Tdevision photometry, 730 

Television pulsed rectifiers, 713 

Television receiver laboratory, 732 

Television receiving antennas, 20 

Television resolution chart, 736 

Television service areas. 738 

Television sweep oscillator, 305, 370, 696 

Television synclmmiiitig signal gunerator, 722 

Television system, economical, 743 

Television system, simplified, 743 

Television tiansient video analyser, 714 

Television transmitter modulation analyser, 720 

Television transmitter power measurement, 379 

Television transmitter wattmeter, 380 

Television transmitting anteiitiu, triplex, 23 

Television, video amplifier, 708 

Tenifierature coefficients in circuits, 227 

Terroin-clenrance indicator, ^481 

Teet chart, HMA television, 736 

Tost <>scillos('o|H‘ for television, 720 

Test phono record responses, 49 

Test set foi mercury vapor rectifiers. 872 

Tester for enamel film, 684 

Tester, resistance, 575 

Testing capacitors, 577 

Testing cath(Klo-ray scroens, 850 

Teeting, inteniKKiiilation, 110 

Tests, neutralising, 810 

Theoretical signal-to-noisc ratios, 214 

Thermionic rectifier circuits, 528 

Thermistor-regulated audio oscillator. 1014 

Three-fmnil variable equaliser, 80 

Time constant, volume exiransion, 75, 79 

Time delay circuit, oscilloecope, 394 

Time delay circuits, pluintiiatroii, 174 

Time delay network, 317 

Time-baee calibration, 404 

Timer, tuUHMosonitig, 583 

Timing action of blocking oscillator, 070 

Tone alarm, 811 

Tone generator, beat-frequency, 91 
Tracer, B-H curve. 586 
Tracking error, 052 

Tracking permeability-tuned eirouits, 045, 040, 052 

Transformer decign, audio, 234 

Tranaformer reeponse, audio, 87 

Transformer, waveguide, 409 

Tranefonners, mutual inductance, 444 

TransformerB, pulse, 702 

Transient delay line, 317 

Transient trace photography, o-r tube, 861 

Traneient video analyser, 714 


Transmission line loss chart, 757 

Transmission line tank circuit design, 748 

Transmission lines as tuning elements, 758 

Transmission lines, flat-plate vhf, 799 

Transmission lines, vectorial treatment, 754 

Transmitter breakdown alarm, 774 

Transmitter f-m deviation, 812 

Transmitter power measurements, 386 

Transmitter protection, arrover in storms, 821 

Transmitter protection, breakdown, 821 

Transmitter protection, carrier interruption, 821 

Transmitter protection, overliMd, 821 

Transport aircraft antennaa, 32 

Trapexoidal pattern analyser, television. 720 

Triggered-tone code reception, 056 

Triggering pulse generator, 404 

Triplex antenna for tv and f-m, 23 

Triplexer, antenna, 23 

Tulie curves on usciUoseupc, 840 

Tube failures in Eniac, 837 

Tube filament characteristics, 820 

Tulic heater protection, 002 

Tulte manufacturing shrinkage, 550 

Tube, o|)erating imint, self-bias, 835 

Tube quality control, 553, 558 

Tube teeter, pulse-type, 572 

Tubes, disk-seal, 844 

Tillies, klystron, 849 

TuIksj, lighthouse, 844 

Tulx'-seasoning timer, 583 

Tuneil circuits, frequency stability of, 221 

Tuned circuits, tratismisshm-line, 758 

Tuned circuits, uhf, 359 

Tuning, microwave, 479 

Tuning with roactaiicc tubes, 067 

Turnstile tyfio antenna. 23 

Turntable wow meter, 97 

Two-element antenna power divider. 4 

Two-station antenna, cooperative, 26 

Two-termmal oscillator, 218 


U 


UHF field meters, 359 

UHF imtiedance measurements, 494 

UHF low-impodance reactances, 790 

UHF oscillator stability, 385, 500 

UHF repeater station, 802 

UHF signal generator, 474 

UHF tuned lines, 758 


V 


Vacuum-tube voltmeter, 416, 441, 445 
Variable equaliser, 80 

Variable-frequency electronic generator, 547 

Variable-frequency oecUiator, 25-cm, 512 

Voriable-reactanoe vhf line, 489 

Varistor control for r-f oecillator, 186 

Vector synthesis of antenna phasing networks, 5 

Vectorial treatment of transmission linee, 754 

Velocity of propagation in cable, 439 

Velocity-frequency characteristics, tost records, 49 

VHF burst measurements, 352 

VHF cable measurements, 439 

VHF crystal voltmeter, 423 


VHF inqiediince meiisurements, 374, 489 

VHF iiiqieiiancc meter, 381 

VHF power measurements, 379 

VHF receiver measurements. 653 

VHF shielded room, 430 

VHF tank circuits, 748 

VHF transmitter (xiwer ineasureinentM, 380 

VHF wattmeter, 380 

Video amplifier conqieiisation, 688 

Video amplifier res|x»nse, 708 

Video analyser, tmnsient, 714 

Voice-ojHjrated electronic relay, 113 

Voltage supply, diiKle, for bias, 664 

Voltage-regulated power supplies, .532, .5^47, 539, 540 

Voltage-stabilised bios supply, 540 

Voltmeter, carrier-frequency, 445 

Voltmeter, crystal, 423 

Voltmeter, dkxle. n‘sponsc of, 419 

Vuittiiuter, liigh-rcsistancc d-c, 441 

Voltmeter loading, 201 

V^oltnieter, jxiak-to-peak, 419 

Voltmeter, stable, 410 

Volume compressor for radio stations, 106 

Volume expander design. 75, 79 


W 

Wattmeter, vhf, 380 

W'ave analyzer, audio liarmomc, 94 

Wave proiNigation, 321 

Waveguide attenuation, 450, 455 

Waveguide characteristics. 447, 450 

Waveguide data, 452 

Waveguide fields, cin-ular, 458 

Waveguide fields, ret^taiigular, 447 

Waveguide truusmissiun system, 469 

W'aveguide-antetma coupling, 469 

Wavemeter, direct-reading, 504 

W’avenieter, standing wave. 520 

W'ein bridge oscillator, 189 

W’ide-angle phase modulator, 775 

W ide-baiid amplifier, 082 

W’ide-band antenna, slott^xl-cylinder, 28 

Wide-l»and i-f amplifim, 620 

Wide-band inqiedaiice meter, 381 

Widi>-ban<l noise, 870 

Wide-band oscilluseupo, 394, 398 

W'ide-band phase shift networks, 144 

W’ide-band power amplifiers, 820 

Wide-deviation reactance modulator, 708, 770 

Wide-range signal generator, 377, 378 

W'ide-raiige sweeping oscillator, 370 

W'ire anteiiiiH radiation patterns, I 

Wire enamel tester. 584 

Win recorder frequency reapcmsc, 107 

Wired television, 743 

W^oofer-tweeter crossover netw'ork, 85, 92 

Wow meter for turntable testing, 97 

Writing speed, c-r tube, 861 

WW'V for calibration, 384 

WWV frequency comparator, 433 

Wxx Amplifier, direct-coupled, 398 


Z 

Z-axis oscilloscope, 394 
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